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FOREWORD 


This  report  summarizes  research  conducted  under  Contract  No.  N00014- 
69-C-0352  from  March  to  August  1970.  The  research  was  performed  by  the  Columbus 
Laboratories  of  Battelle  Memorial  Institute  under  the  auspices  of  the  U.  S. 

Navy  Supervisor  of  Diving,  Washington,  D.C.,  with  Mr.  0.  R.  Hansen  serving 
as  project  monitor.  The  principal  investigators  were  W.  E.  Berry,  Associate 
Chief;  R.  J.  Eiber,  Senior  Project  Leader;  N.  C.  Henderson,  Research  Engineer; 
and  D.  W.  Frink,  Division  Chief. 
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ABSTRACT 


A  program  was  conducted  to  determine  the.  cause  of  the  corrosion  that 
was  discovered  in  a  number  of  aluminum  scuba  cylinders,  and  to  determine  whether 
the  rupture  strength  of  the  cylinders  had  been  degraded  by  the  corrosion.  An 
examination  wa*  made  of  68  corroded  cylinders  received  from  Naval  facilities. 
Rupture  experiments  were  conducted  on  new  cylinders  and  on  the  mo3t  severely 
corroded  cylinders.  Detailed  analyses  were  made  of  corrosion  products  from 
selected  aluminum  cylinders,  anc  of  corroded  and  uncot roded  material  from  the 
ruptured  cylinders.  It  was  concluded  that  the  corrosion  in  the  cylinders  examined 
had  not  significantly  reduced  the  rupture  strength  of  the  cylinders.  Recommends- 
tions  were  formulated  concerning  changes  in  manufacturing  specifications,  clean¬ 
ing  procedures,  and  Inspection  procedures  to  provide  increased  assurance  that 
corrosion  will  not  progress  uo  the  point  of  significantly  degrading  the  rupture 
strength  of  aluminum  scuba  cylinders. 
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FINAL  REPORT 


on 

PHASE  I  INVESTIGATION  Ctf 
SCUBA  CYLINDER  CORROSION 


by 

N.  C.  Henderson,  W.  E.  Berry, 
R.  J.  Eiber,  and  D.  W.  Frink 


INTRODUCTION 


During  an  inspection  of  aluminum  scuba  cylinders  by  Navy  personnel  at 
Indian  Head,  Maryland,  quantities  of  a  gelatinous  corrosion  product  were  dis¬ 
covered  on  the  Internal  surfaces  of  a  number  of  the  cylinders.  Rccause  the  air 
supply  system  at  the  facility  had  recently  been  cleaned  using  a  caustic  cleaning 
solution  of  trisodium  phosphate,  it  was  thought  that  this  cleaning  agent  had  not 
been  adequately  removed  and  that  minute  quantities  of  the  cleaning  solution  had 
been  introduced  into  the  scuba  cylinders  during  charging.  However,  a  detailed 
analysis  by  Eattelle-Columbus  of  the  corrosion  products  from  a  selected  cylinder 
indicated  that  fluorine  was  the  corrodent  instead  of  trisodium  phosphate. 

Because  the  corrosion  of  aluminum  by  fluorine  can  be  a  continuing  pro¬ 
cess,  the  Supervisor  of  Diving  requested  the  visual  inspection  of  all  aluminum 

(1)* 

scuba  cylinders  in  use  by  the  Navy.  As  summarized  in  an  interim  Navy  report  , 

1336  cylinders  had  been  inspected  as  of  January  28,  1970.  Of  these,  16  percent 
showed  evidence  of  corrosion,  and  \  percent  showed  severe  corrosion.  Based  on 
these  results,  and  on  a  consideration  of  cylinder  rupture  pressures  and  cleaning 
procedures,  it  was  recommended  in  the  interim  report  that  the  possible  degrada¬ 
tion  of  cylinder  strength  by  corrosion  be  determined,  that  acceptable  cleaning 
procedures  be  formulated,  and  that  modified  field  inspection  techniques  be  developed. 

Efforts  related  to  cylinder  corrosion  were  continued  by  the  Navy  through 
design  analysis  of  the  aluminum  scuba  cylinders,  and  through  consideration  of 

the  implications  on  cylinder  design  of  a  neutral  buoyancy  requirement.  The  re- 

(2) 

suits  of  these  efforts  are  described  in  a  Navy  status  report  dated  March  16, 


*  Numbers  in  parentheses  denote  references,  listed  on  page  74. 
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1970.  Also  described  in  this  report  are  the  results  of  the  visual  inspection 
survey  as  of  March  16.  Of  1623  cylinders  inspected,  20,2  percent  were  judged  to 
be  moderately  corroded,  while  4.4  percent  (72  cylinders)  were  judged  tc  be  severely 
corroded. 

To  assist  with  the  problems  of  corrosion  in  aluminum  scuba  cylinders, 
the  Navy  initiated  a  Phase  I  effort  at  Battelle-Columbus  to  investigate  the  rup¬ 
ture  strength  of  new  and  corroded  cylinders,  to  analyze  the  severity  and  type  of 
corrosion,  and  to  formulate  recommendations  concerning  manufacturing  specifica¬ 
tions,  cleaning  procedures,  and  field  inspection  techniques.  This  report  summarizes 
the  Phase  I  activities. 


SUMMARY 


The  rupture  strength  of  new  aluminum  scuba  cylinders  was  investigated 
through  the  rupture  and  analysis  of  three  new  aluminum  scuba  cylinders,  and  through 
the  review  of  developmental  test  data  from  the  Pressed  Steel  Tank  Company  on  the 
rupture  strength  of  29  aluminum  scuba  cylinders.  Additional  studies  on  new 
scuba  cylinders  were  conducted  in  relation  to  the  strength  of  aluminum  cylinder 
threads,  the  buoyancy  of  aluminum  cylinders,  and  the  conformance  of  aluminum  and 
steel  scuba  cylinders  with  the  Department  of  Transportation  (DOT)  Specification 
3AA  requirements. 

The.  rupture  strength  of  corroded  aluminum  cylinders  was  investigated 
through  the  rupture  and  analysis  of  the  three  most  corroded  cylinders  of  the  first  64 
cylinders  received  and  examined,  and  through  the  calculation  and  experimental 
verification  of  the  critical  flaw  size  that  must  be  developed  in  aluminum  scuba 
cylinders  for  rupture  to  occur  at  the  maximum  operating  pressure  (3000  psig). 

The  cause  of  corrosion  in  the  aluminum  scuba  cylinders  was  investigated 
through  the  detailed  analysis  of  corrosion  products  from  selected  aluminum  cylin¬ 
ders,  and  through  the  detailed  examination  of  typical  pitted  areas  from  the  selected 
cy 1 inders . 

Based  on  these  studies  and  on  a  review  of  the  applicable  manufacturing 
specifications  and  cleaning  procedures,  recommendations  were  formulated  concerning 
changes  in  procedure  that  will  provide  increased  assurance  of  manufacturing  and 
maintaining  satisfactory  aluminum  scuba  cylinders. 
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CONCLUSIONS 


The  following  conclusions  were  reached  as  a  result  of  the  Phase  X 
activities : 

(1)  Although  the  rupture  strength  of  aluminum  scuba  cylinders  is  not 
significantly  affected  by  the  type  of  corrosion  observed  in  the 
cylinders  received,  periodic,  inspections  are  required  to  insure 
that  an  unusually  severely  corroded  area  does  not  progress  to  the 
point  that  a  cylinder  will  be  perforated  or  a  critical  flaw 
developed. 

(2)  The  strength  of  the  aluminum  scuba  cylinder  threads  is  satisfactory. 

(3)  The  buoyancy  of  aluminum  scuba  cylinders  meets  the  intent  of  the 
manufacturing  specification  but  consideration  ol  the  effect  of  the 
valve  would  be  desirable. 

(4)  The  aluminum  and  steel  scuba  cylinders  that  were  ruptured  and 
examined  at  Battelle-Columbus  met  the  rupture  requirements  of  the 
DOT  Specification  3AA  for  pressure  cylinders. 

(5)  Selected  portions  of  the  manufacturing  specifications  are  not 
sufficiently  detailed, 

(6>  The  present  field  cleaning  and  inspection  procedures  may  not  al¬ 
ways  prevent  the  development  of  excessive  corrosion  in  aluminum 
scuba  cylinders. 


RECOMMENDATIONS 


The  following  recommendations  are  made  concerning  future  activities  in 
relation  to  the  aluminum  scuba  cylinders. 

(1)  The  manufacturing  specifications  should  be  revised  in  the  areas 
indicated  in  this  report. 

(2)  Field  cleaning  and  inspection  procedures  should  be  revised  to  pre¬ 
vent  the  development  of  excessive  corrosion  in  aluminum  scuba 
cylinders. 
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RESEARCH  ACTIVITIES 


The  specific  objectives  of  the  Phase  I  research  were  to: 

(1)  Determine  the  rupture  strength  of  new  aluminum  scuba  cylinders 

(2)  Determine  whether  the  rupture  strength  of  aluminum  scuba  cylinders 
is  degraded  by  the  internal  corrosion  observed  in  Navy  cylinders 

(3)  Analyze  the  corrosion  products  to  determine  the  cause  of  corrosion 

(4)  Formulate  recommendations  concerning  the  design  of  the  cylinders, 
the  materials,  the  manufacturing  methods,  and  the  field  inspec¬ 
tion  and  testing  methods. 

To  assist  in  the  conduct  of  the  program,  the  Supervisor  of  Diving  re¬ 
quested  that  several  new  cylinders  and  all  of  the  severely  corroded  cylinders 
be  forwarded  to  Battelle-Columbus .  During  the  course  of  the  work,  SI  scuba 
cylinders  were  received.  These  included  10  new  or  noncorroded  aluminum  cylinders, 
68  corroded  aluminum  cylinders,  and  3  new  DOT  3AA  2250  ste-.el  cylinders.  As  each 
cylinder  was  received  it  was  assigned  a  number,  and  pertinent  information  about 
the  cylinder  was  recorded.  Table  1  shows  this  information,  as  well  as  comments 
denoting  the  use  of  each  cylinder  during  the  program. 

In  accordance  with  the  program  objectives,  the  results  of  the  work 
are  described  in  four  report  sections:  (1)  Determination  of  the  Rupture  Strength 
of  New  Aluminum  Cylinders,  (2)  Investigation  of  Cylinder-Rupture-Strength  Deg¬ 
radation  by  Corrosion,  (3)  Investigation  of  the  Cause  of  Cylinder  Corrosion, 
and  (4)  Consideration  of  Manufacturing  and  Field-Testing  Procedures, 

Experimental  data,  critical  measurements,  etc.,  are  recorded  in  figures 
and  tables  distributed  within  these  various  report  sections.  Also,  to  provide 
additional  clarity,  selected  information  pertinent  to  the  ten  cylinder  rupture 
tests  conducted  during  this  program  are  summarized  in  Appendix  A. 

Determination  of  the  Rupture 
Strength  of  New  Aluminum  Cylinders 

It  was  known  that  a  comparison  of  the  rupture  pressures  of  new  aluminum 
cylinders  with  the  rupture  pressures  of  corroded  aluminum  cylinders  would  pro¬ 
vide  a  gross  indication  of  whether  corrosion  had  degraded  the  rupture  strength 
of  the  corroded  cylinders.  However,  differences  in  rupture  pressures  could  also 
hr.  caused  bv  differences  in  material  properties  and  differences  in  the  cylinder 
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dimensions.  Therefore,  it  was  highly  desirable  that  these  parameters  be  in¬ 
cluded  in  the  comparison  of  the  rupture  strength  of  new  cylinders  with  the  rup¬ 
ture  strength  of  corroded  cylinders. 

The  ultimate  strength  of  the  basic  cylinder  materials  could  be  determined 
using  tensile  specimens  made  from  new  and  corroded  cylinders  after  rupture.  The 
rupture  strength  of  the  materials  in  these  cylinders  could  be  calculated  using 
the  measured  rupture  pressures  and  selected  cylinder  dimensions.  By  comparing  the 
ratios  of  the  rupture  stresses  to  the  ultimate  tensile  stresses  for  the  new  cylin¬ 
ders  with  the  ratios  of  the  rupture  and  ultimate  tensile  stresses  for  the  corroded 
cylinders,  it  was  believed  that  a  more  accurate  measure  could  be  obtained  of  the 
effect  of  corrosion  on  cylinder  rupture  strength. 

The  ultimate  stress  in  a  given  cylinder  at  the  point  of  rupture  is  de¬ 
termined  basically  by  the  internal  pressure  and  by  certain  dimensions  at  the  time 
of  rupture,  i.e.,  the  diameter  of  the  cylinder  and  the  wall  thickness.  The  inter¬ 
nal  pressure  can  be  accurately  measured,  but  the  elastic  and  plastic  yielding  of 
the  cylinder  material  causes  a  continuing  change  in  the  cylinder  diameter  and  wall 
thickness  from  the  time  of  initial  pressurization  until  the  time  of  rupture.  Further 
more,  these  dimensions  change  differently  for  each  cylinder  because  of  differences 
in  material  properties  (such  as  the  yield  strength)  and  differences  in  cylinder  di¬ 
mensions  (such  as  the  concentricity  of  the  inside  diameter  with  the  outside  diameter) 

Because  of  these  variables,  it  is  difficult  to  make  an  accurate  calcula¬ 
tion  of  the  stress  at  the  instant  of  rupture  in  a  cylinder.  One  approach  is  the 
selection  of  an  equation  which  will  approximate  the  rupture  stress  when  the  rup¬ 
ture  pressure  and  the  initial  dimensions  of  the  cylinder  are  used.  Another  approach 
is  the  use  cf  calculation  procedures  which  provide  for  an  estimate  of  the  elastic 
cr  elastic-plastic  deformation  of  the  cylinder.  The  following  steps  were  used  for 
selecting  the  method  for  calculating  the  rupture  stresses  in  aluminum  cylinders: 

(1)  select  new  cylinders  representative  of  the  design,  (2)  measure  the  critical  di¬ 
mensions  of  each  cylinder,  (3)  conduct  rupture  tests  of  the  selected  cylinders, 

(4)  determine  the  tensile  strength  of  the  cylinder  materials,  and  (5)  compare  the 
rupture  stresses  calculated  for  the  cylinders  with  the  ultimate  tensile  stresses 
calculated  from  the  tensile  test  results. 

In  addition  to  the  work  on  rupture  stresses,  brief  studies  were  also 
made  on:  (1)  analysis  of  the  ruptured  aluminum  cylinders  for  conformance  with 
the  requirements  of  DOT  Specification  3AA  cylinders,  (2)  determination  of  t lie 
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strength  of  aluminum  cylinder  threads,  (3)  determination  of  the  conformance  of 
aluminum  scuba  cylinders  with  buoyancy  requirements,  and  (4)  analysis  of  3  steel 
cylinders  for  conformance  with  the  requirements  of  DOT  Specification  3AA 
cylinders.  These  studies  are  described  in  a  report  section  titled  Additional 
Investigations. 


Selection  of  Representative  New  Cylinders 


After  a  brief  examination  of  the  new  and  noncorroded  aluminum  scuba 
cylinders  submitted  to  Bat telle-Coiumbus ,  Cylinders  11,  12,  and  13  were  selected 
for  the  rupture  tests.  To  determine  that  these  cylinders  were  representative  of 
the  design  under  consideration,  selected  values  from  the  cylinders  (see  Table  2) 
were  checked  against  the  manufacturing  specification,  i.e.,  MIL-C-24316  (SHIPS). 

A  copy  of  this  specification  is  included  as  Appendix  B.  As  is  noted  in  Table  2, 
some  of  the  cylinder  values  were  obtained  after  the  rupture  tests.  Table  2  also 
shows  similar  information  for  other  aluminum  cylinders  tested  during  the  program. 

TABLE  2.  SELECTED  COMPARISON  OF  NEW  AND  CORRODED  TEST  CYLINDERS 
WITH  T,  REQUIREMENTS  OF  MIL-C-24316  (SHIPS) 


Specification 

Requirement 

Cylinder  Number 

11 

12 

13 

17 

34 

57 

64 

,  .  (a) 

Internal  volume 

not 

not 

670  to  730  in. ^ 

699.0 

707.0 

700.0 

704.0 

707.0 

given 

given 

Wall  'hickness^ 

0.587  av 

0.580  av 

0.548  av 

0.594 

0.567  av 

0.547  av 

0.549  av 

0.540  in.,  min 

0.544  min 

0.548  min 

0.545  min 

0.555  min 

0.515  min 

0.528  min 

Yield  strength^ 

35.0  ksi,  min 

39.5 

39.5 

41.3 

43.2 

51.8 

48.8 

47,5 

U 1 1 imato . ,  . 

S t r eng ih  ,  38.0 

k$ i ,  min 

47.4 

47.2 

47.7 

48.8 

55.0 

53.0 

52.2 

\  o l .  e x p .  at 

5000^a'  ps i ,  38 
to  72  in.-' 

62.4 

62.2 

63.0 

62.0 

63.2 

not 

given 

not 

given 

ia)  Determined  from  information  stamped  on  the  cylinders. 
Determined  by  measurement  after  the  rupture  test. 
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Measurement  of  Critical  Cylinder  Dimensions 

The  length  of  the  cylindrical  portion  of  the  cylinder  configuration  was 
sufficiently  great  that  rupture  was  not  expected  to  be  influenced  by  the  end  clos¬ 
ures.  For  this  type  of  rupture,  the  critical  dimensions  are  the  outside  or 
inside  diameter  and  the  wall  thickness.  The  outside  circumferences  of  each  cylin¬ 
der  were  measured  at  the  middles  and  at  the  ends  of  the  cylindrical  portions. 

The  circumferences  were  found  to  be  quite  uniform.  Table  3  shows  the  circum¬ 
ferences  measured  in  the  middle  of  each  cylinder,  and  the  outside  diameters  cal¬ 
culated  from  these  circumferences.  Also  shown  are  the  fracture-edge  to  fracture- 
edge  measurements  made  at  the  middle  of  the  rupture,  and  the  percent  of  cylinder 
expansion  at  this  location. 

TABLE  3.  MEASURED  OUTSIDE  CIRCUMFERENCES  AND  CALCULATED  OUTSIDE 
DIAMETERS  OF  NEW  ALUMINUM  CYLINDERS 


Cylinder 

No. 

Circumference  at 
Cylinder  Center 
Before  Rupture, 
inches 

Outside  Diameter 
at  Cylinder  Cen¬ 
ter  Before  Rup¬ 
ture,  inches 

Frar.ture-Edge 
to  Fracture- 
Edge,  inches 

Percent 

Expansion 

11 

24-3/16 

7.70 

25-1/16 

3.6 

12 

24-3/16 

7.70 

25-11/16 

6.2 

13 

24-3/16 

■  S"  1  T!— T-B  IJM 

7.70 

24-13/16 

2.9 

Accurate  measurement  of  the  wall  thicknesses  before  rupture  was  diffi¬ 
cult  because  of  the  small  cylinder  openings.  It  was  decided  that  better  values 
could  be  obtained  if  wall-thickness  measurements  were  made  after  the  rupture 
tests.  To  provide  an  estimate  of  the  wall  thicl->u»c?R3  of  the  cylinders  before 
rupture,  a  series  of  wall-thickness  measurements  was  made  on  each  ruptured  cylin¬ 
der.  Since  che  occurrence  of  rupture  was  known  to  cause  thinning  of  the  material 
near  the  rupture,  measurements  were  started  2  inches  from  the  fracture  edge. 
Additional  measurements  were  made  90  degrees  and  180  degrees  from  the  first 
measurement.  As  shown  in  Table  4,  these,  types  of  measurements  were  made  at  5 
equidistant  locations  along  che  cylindrical  portion  of  each  cylinder.  This  was 
done  to  minimize  the  effect  of  possible  thinning  of  the  cylinder  walls  in  the 
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TABLE  4.  WALL -THICKNESS  MEASUREMENTS  FOR  ALUMINUM  CYLINDERS 
11,  12,  AND  13  AFTER  RUPTURE 


Wall 

-Thickness -Measurement  Designation  and 

Location 

A 

2  In.  From 

B 

c 

D 

Cylinder 

lidcture 

Edge .  inch 

90°  From 

A.  inch 

180°  From 

A,  inch 

At  the  Fracture 
Edge,  inch 

Cylinder  11 

■ 

Neck  end 

1 

0.578 

0.609 

0.607 

0.560 

2 

0.555 

0.598 

0.6C0 

0.503 

3 

0.554 

0.595 

0.597 

0.487 

4 

0.554 

0.595 

0.598 

0.520 

5 

Closed  end 

0.564 

0.606 

Average  of  A,  B,  C 

0.601 

=  0.587 

0.553 

Cylinder  12 

Neck  end 

1 

0.586 

0.596 

0.594 

0,572 

2 

0.561 

0,579 

0.803 

0.552 

3 

0.550 

0.570 

0.597 

0.517 

4 

0.548 

0.578 

0.600 

0.530 

5 

Closed  end 

0.564 

0.590 

Average  of  A,  3,  C 

0.59C 

-  0.580 

0.564 

Cylinder  13 

Neck  end 

1 

0.572 

0.600 

0.600 

0.547 

2 

0.553 

0.595 

0.596 

0.541 

3 

0.545 

0.593 

0,595 

0.526 

4 

0.552 

0.594 

0.601 

0.530 

5 

Closed  end 

0.566 

0.599 

Average  of  A,  B,  C 

0.602 

-  0.584 

0.561 

Note;  The  measurements  were  made  in  the  cylindrical  portion  of  the  cylinder  at 
5  equally  spaced  locations. 
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middle  of  the  cylinder.  The  average  of  the  15  dimensions  made  for  each  cylinder 
was  used  to  estimate  the  average  wall  thickness  of  each  cylinder  before  rupture. 

Because  the  degree  of  thinning  at  the  fracture  edge  was  of  possible 
future  interest,  wall -thickness  measurements  were  also  made  at  the  edge  of  each 
fracture.  These  are  also  shown  in  Table  4. 

Rupture  Tests  of  New  Aluminum  Cylinders 

Cylinders  11,  12,  and  13  were  pressurized  with  water  at  approximately 
80  F  to  rupture  using  the  system  shewn  schematically  in  Figure  1.  The  pressures 
were  recorded  to  the  nearest  5  psi  using  a  dead-weight  pressure  gage.  The  volume 
of  water  pumped  into  the  system  for  each  cylinder  was  measured  with  a  standpipe. 
The  cylinders  were  pressurized  at  the  approximate  rate  of  150  psi  per  minute  in 
the  elastic  region.  The  time  required  to  rupture  each  cylinder  was  approximately 
75  minutes.  Pressure  volume  plots  for  each  of  these  cylinders  are  presented  in 
Appendix  C.  The  rupture  pressures  for  Cylinders  11,  12,  and  13  were  7255,  7025, 
and  7740  psig,  respectively. 


Dead-weight 
pressure  gage 
(accuracy 
±1  psi) 


Sprague  8800-psl 
pressure  pump 


FIGURE  1.  CYLINDER- PRESSURIZING  SYSTEM 
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Figure  2  is  a  photograph  of  the  cylinders  after  rupture.  The  numbers 
written  on  the  cylinders  are  the  circumferences  measured  before  the  test,  and 
fracture-edge  to  fracture-edge  dimensions  measured  after  the  test.  In  general, 
che  fractures  originated  two  inches  from  the  midpoint  of  the  straight  cylin¬ 
drical  section  in  a  direction  toward  the  neck  of  the  cylinder. 

The  rupture  pressures  for  these  cylinders  were  compared  to  the  rupture 
pressures  of  29  cylinders  tested  during  the  initial  cylinder  development  to  evalu¬ 
ate  the  range  of  rupture  pressures  to  be  expected.  According  to  data  supplied  by 
the  Pressed  Steel  Tank  Company,  51  cylinders  had  been  included  in  the  initial 
development  of  the  aluminum  scuba  cylinders.  Twenty-nine  of  those  had  met  the 
requirements  of  MIL-C-24316  (SHIPS)  and  did  not  appear  to  have  received  any 
damage  as  a  result  of  cyclic  pressure  tests  to  which  they  had  been  subjected. 

A  histogram  of  the  rupture  pressures  for  the  29  cylinders  was  developed  as 
shown  in  Figure  3.  The  locations  of  Cylinders  11,  12,  and  13  are  also  shown  in 
Figure  3.  It.  was  judged  from  these  comparisons  that  the  rupture  pressures  of 
Cylinders  11,  12,  and  13  were  representative  of  the  rupture  pressures  obtained 
by  the  Pressed  Steel  Tank  Company  for  the  cylinder  design. 


Tensile  Strength  of  Cylinder  Material 

The  yield  and  ultimate  tensile  strengths  of  the  materials  in  the  new 
aluminum  cylinders  were  obtained  from  uniaxial  tensile  tests  conducted  with  0.312- 
inch-diameter  tensile  specimens  prepared  from  the  ruptured  ylinder  walls.  The 
specimens,  which  were  180°  from  the  points  of  rupture,  were  taken  in  the  longi¬ 
tudinal  direction  because  this  was  the  only  direction  in  which  relatively  large 
cross-section  specimens  could  be  obtained.  The  yield  and  ultimate  tensile-strength 
results  for  Cylinders  11,  12,  and  13  are  shown  in  Table  5. 
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48860 


FIGURE  2.  RUPTURED  NEW  ALUMINUM  CYLINDERS 


•ATTELLE  MEMORIAL  INSTITUTE  -  COLUMBUS  LABORATORIES 


Percent  of  Total 


60 


on 

on 

ON 

ON 

a\ 

ON 

ON 

ON 

oo 

N 

NO 

O 

nO 

l-S 

n. 

oo 

1 

1 

1 

i 

o 

o 

o 

o 

o 

o 

o 

o 

m 

ON 

m 

r>» 

-O 

NO 

r>. 

Rupture  Pressures,  psig 


Data  from  Pressed  Steel  Tank  Report  Test  Summary  Sheet, 
Report  Index  No.  S-F011-06-03,  dated  February  15,  1963 


FIGURE  3.  FREQUENCY  HISTOGRAM  OF  29  ALUMINUM  SCUBA  CYLINDER 
RUPTURE  TESTS 
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TABLE  5.  LONGITUDINAL  TENSILE  TEST  DATA 

FROM  RUPTURED  NEW  ALUMINUM  CYLINDERS 


Cylinder 

No. 

Yield  Stress, 

S  ,  0.2  Percent 
^Offset,  psi 

Ultimate  Stress 

s  , 

u; 

psi 

Elongation 
in  2  Inches, 

percent 

11 

39,500 

— 

18.0 

12 

39,500 

17.5 

13 

41,300 

■m 

16.5 

Comparison  of  Cylinder  Rupture  Strength 
to  Ultimata  Tensile  Strength 


The  wall  thicknesses  of  the  selected  new  cylinders  averaged  about  15 

percent  of  the  outside  radius.  Although  this  was  too  thick  to  be  consids-red  a 

• 

thin-wall  cylinder,  it  was  also  much  thinner  than  many  thick-wall  cylinders. 
Fortunately  considerable  work  has  recently  been  done  by  Battelle-Columbus  for 
the  AEC  on  t:ie  problem  of  calculating  the  maximum  pressure  stress  attained  in  a 
pressure  cylinder.  To  quote  from  a  section  of  the  "Survey  Report  on  Structural 
Design  of  Piping  Systems  and  Components"  that  will  be  published  in  the  near 
future: 

"The  maximum  pressure  capacity  of  cylindrical  shells  has  been  a  matter 
of  practical  significance  for  many  years;  considerable  experimental  data  exist  in 

/  3  \  ft 

the  literature.  The  earliest  knwn  tests  were  published  by  Cook  and  Robertson^ 
in  1911.  Additional  data  are  given  in  References  (4)  through  (16).  These  tests 
cover  a  wide  range  of  OD/ID  ratios  from  1.07  to  12.  These  tests  were  used,  in 
part,  to  evaluate  the  accuracy  of  theoretical  methods  of  calculating  the  'in¬ 
stability  pressure'  of  thick-wall  cylinders.  A  practical  observation,  noted  by 
several  of  the  authors  and  discussors,  is  that  the  test  data  correspond  about 
as  well  with  the  mean  diameter  formula  as  with  any  of  the  theoretical  equations. 

*  The  references  from  the  quotation  have  been  renumbered  for  inclusion  in 
this  report. 

**  While  the  test  data  cover  a  wide  variety  of  materials,  they  do  not  cover 

"brittle"  materials.  For  such  materials,  particularly  in  thick-wall  cylinders, 
Equation  (1)  may  be  unconservative,  (Note:  6061-T6  aluminum  is  not  generally 
considered  to  be  a  brittle  material.) 
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The  mean  diameter  formula  is  simply: 


P  -  2  S  t/D  , 
u  u  m’ 


where 


a  ultimate  pressure  capacity,  psi 


Su  *  nominal  tensile  strength  of  the  material,  psi 


t  *  wail  thickness,  in. 


Dm  =  mean  (average  of  inside  and  outside)  diameter. 


(1) 


"With  one  exception,  all  of  the  data  in  References  (4)  through  (16) 
are  on  seamless  cylindrical  shells,  ...  No  quantitative  data  on  the  effect 
of  out-of-roundness  on  maximum  pressure  capacity  of  pipe  is  available.  .  .  ." 


Because  of  the  broad  applicability  of  Equation  (1),  it  was  used  with 
the  measured  rupture  pressures  and  the  dimensions  from  Tables  3  and  4  to  calcu¬ 
late  the  rupture  stresses  of  the  materials  in  the  ruptured  cylinders.  Table  6 
shows  a  comparison  of  these  values  with  the  ultimate  tensile  stresses  of  the 
cylinder  materials  as  determined  by  the  tensile-specimen  tests. 


TABLE  6.  COMPARISON  OF  RUPTURE  STRESSES  AND  TENSILE  STRESSES 
FOR  RUPTURED  NEW  ALUMINUM  CYLINDER  MATERIALS 


Cylinder 

No. 

Ultimate  Tensile 
Stress  From  Ten¬ 
sile  Test,  S  ,  ksi 
u 

Cylinder  Rup¬ 
ture*  Stress, 

s  ksi 
u 

Difference, 

ksi 

Ratio  of  Rup¬ 
ture  to  Ten¬ 
sile  Stress 

11 

47.4 

43.9 

-3.5 

0.927 

12 

47.2 

43.1 

-4.1 

0„9i3 

13 

47.7 

47.2 

-0.5 

0.980 

*  Using  Equation  (1). 


The  comparison  of  the  cylinder  rupture  stresses  with  the  ultimate 
tensile  stresses  from  tensile  tests  indicates  that  the  cylinder  rupture  stress 
ranges  from  91.3  to  98.9  percent  of  the  ultimate  tensile  stress.  This  is  a 
reasonable  agreement  for  this  type  of  comparison  with  the  formula.  Published 
information^^  indicates  that  thi3  formula  can  be  expected  to  calculate  rup¬ 
ture  stresses  that  are  between  92  and  110  percent  of  the  tensile  stress. 
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As  explained  previously,  4  brief  studies  were  conducted  in  addition 
to  those  needed  for  comparing  the  rupture  strengths  of  new  and  corroded  cylinders. 
Since  these  studies  were  related  to  the  design  of  new  cylinder*,  they  are  described 
in  the  following  parts. 


Analysis  for  DOT  3AA  Specif icction  Requirements.  Cylinders  11,  12,  and 
13  were  analyzed  to  determine  if  they  met  the  general  requirements  of  DOT  Speci¬ 
fication  3AA  cylinders.  The  requirement  for  steel  cylinders  is  that  the 
wall  stress  calculated  by  Equation  (2)  shall  not  exceed  67  percent  of  the  mini¬ 
mum  tensile  strength  as  determined  from  physical  tests  of  the  material. 


c  P(1.3D2  +  0.4d2) 

n2  J 
D  -  d 


where  S  =  wall  stress,  psi 

P  =  minimum  test  pressure  =  5/3  maximum  operating  pressure,  psi 
D  =  outside  diameter,  in. 
d  =  inside  diameter,  in. 

Because  Equation  (2)  was  developed  for  steel  materials,  the  equation 

(2) 

was  modified  for  aluminum  materials  by  changing  Poisson's  ratio  to  0,333v  .  This 

resulted  in  Equation  (3), 


The  S  values  calculated  from  Equation  (3)  for  Cylinders  11,  12,  and 
13  at  a  5000-psi  test  pressure  were  28,000  psi,  28,200  psi,  and  28,000  psi, 
respectively.  A  comparison  of  the  S  values  to  67  percent  of  the  measured  tensile 
strengths  of  the  cylinder  materials  (31,800  psi,  31,600  psi,  and  32,000  psi,  res¬ 
pectively  for  Cylinders  11,  12,  and  13)  shewed  that  the  three  cylinders  met  the 
intent  of  the  DOT  3AA  requirements. 
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Strength  of  Aluminum  Cylinder  Threads.  Scuba  Cylinder  16,  an  unused 
cylinder,  was  used  to  check  the  shear  strength  of  the  3/4-14  straight  pipe  threads 
used  to  fasten  the  valve  to  t’-.e  cylinder.  Since  standard  scuba  cylinder  valves 
were  used  for  the  aluminum  scuba  cylinders,  the  thread  configuration  was  the 
same  as  originally  designed  for  steel  cylinders.  With  the  strength  of  6061- 
T6  aluminum  being  lower  than  that  of  4130  steel,  it  was  deemed  advisable  to 
check  the  strength  of  these  threads  to  determine  if  a  potential  perscnnel  hazard 
existed. 

The  head  (valve  end)  of  the  cylinder  was  cut  from  the  main  cylinder 
body,  and  was  supported  by  a  tapered  fixture  in  a  Universal  Testing  Machine.  A 
steel  tension  bar,  shown  to  the  left  in  Figure  4,  was  mated  with  the  scuba  cylin¬ 
der  threads.  With  0.85  inch  of  threaded  engagement,  54,200  lb  of  tension  were 
required  to  fail  the  threads. 

Since  the  surface  area  of  the  standard  scuba  cylinder  valve  is  approxi¬ 
mately  0.785  sq  in.,  the  failure  load  was  equivalent  to  an  internal  pressure  of 
approximately  69,000  psi.  However,  a  scuba  cylinder  valve  may  engage  the  cylin¬ 
der  threads  only  to  a  depth  of  0.75  in.  For  this  condition,  the  corresponding 
draw-bar  pull  and  equivalent  pressure  to  fail  the  threads  would  be  approximately 
47,800  lb  of  tension  and  61,000  psi.  With  a  margin  of  safety  (relative  to  test 
pressure)  of  approximately  12,  it  was  concluded  that  the  standard  valve  thread 
design  was  adequate. 

Buoyancy  Determination  for  New  Aluminum  Cylinders.  Three  of  the  new 
aluminum  scuba  cylinders  were  utilized  to  investigate  the  degree  of  their  con¬ 
formity  to  the  buoyancy  criteria  defined  in  MIL-C-24316  (SHIPS)  as  follows: 

"The  cylinders  shall  be  neutrally  buoyant  when  charged  to  1.500  psi".  Unfortunately, 
the  specification  does  not  define  whether  the  cylinders  are  to  be  neutrally  buoyant 
in  fresh  water  or  seawater,  nor  does  it  say  whether  the  valve  should  be  considered 
as  part  of  the  cylinder  weight.  Therefore,  both  fresh-  and  salt-water  buoyancies 
were  calculated  for  the  cylinders,  with  and  without  a  standard  scuba  cylinder 
valve. 

It  was  originally  proposed  that  the  displacement  would  be  measured  by 
welching  the  overflow  of  water  from  the  tank  into  which  3  scuba  cylinders  were 
successively  submerged.  The  resulting  displacement  measurements  combined  with 
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FIGl-RE  4.  TENSION  BAR  AND  CYLINDER  HEAD  AFTER  THREAD  STRENGTH  TEST 
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the  respective  dry  weights  of  the  cylinders  as  measured  plus  the  theoretical 
weight  of  the  air  in  each  cylinder  when  charged  to  1500  psig  would  indicate  if 
the  buoyancy  criteria  had  been  met.  A  55-gal  drum  was  fitted  with  a  spout  and 
filled  with  water.  New  Cylinders  14,  15,  and  16  were  successively  placed  in 
the  55-gal  drum.  The  amount  of  water  displaced  out  of  the  spout  for  each  cylinder 
was  weighed  and  its  volume  measured.  The  resulting  data,  however,  were 
found  to  be  in  error  greater  than  could  be  tolerated. 

A  more  direct  approach  was  selected  which  consisted  of  fitting  each  of 
the  three  cylinders  with  a  valve  and  charging  tucm  with  air  to  1500  psig. 

Each  cylinder  was  then  suspended  from  a  hand-held  springscale,  with  the  cylinder 
completely  submerged  in  fresh  water.  The  fresh-water  buoyancy  for  each  cylinder 
(with  1500-psig  air  and  a  valve)  was  then  measured  directly.  The  buoyancy  of  the 
valve  alone  was  also  measured  directly  using  the  same  springscale  experiment.  The 
arithmetic  difference  between  these  two  buoyancy  measurements  resulted  in  a  fresh¬ 
water  buoyancy  of  the  cylinder  and  air  only.  Thi.3  fresh-water  direct  buoyancy 
measurement  combined  with  the  measured  cylinder  and  valve  weipht  permitted  calcu¬ 
lation  of  the  salt-water  buoyancy  of  the  cylinder  and  air  only.  Both  the  measured 
and  calculated  buoyancy  data  relative  to  this  experiment  are  t.immarized  in  Table 
7. 


Rupture  Experiments  flith  DOT  3AA  2250  Cylinders.  Rupture  experiments 
were  conducted  with  3  steel  cylinders  fabricated  by  the  Pressed  Steel  Tank 
Company  to  meet  DOT  3AA  2250  requirements.  Appendix  D  contains  the  manufacturer's 
certification  of  the  cylinders.  The  cylinders  had  a  measured  outside  diameter 
of  6.88  inches. 

The  cylinders  (assigned  lumbers  78,  79,  and  80)  were  pressurized 
to  rupture  using  the  same  procedures  described  previously  for  the  new  aluminum 
cylinders.  As  shown  by  the  pressure-vol.ne  plots  in  Appendix  C,  the  rupture 
pressures  were  5435  psig,  5280  psig,  and  5330  psig  tor  Cylinders  78,  79,  and  80, 
respectively.  Figure  5  shows  the  three  ruptured  cylinders.  The  origin  of  the 
fracture  in  ail  three  cylinders  was  approximately  3  in.  from  the  transition  to 
the  head.  Wall-thickness  measurements  were  made  on  the  ruptured  cylinders  as 
listed  in  Table  8.  It  is  apparent  tram  the  thickness  measurements  that  there  was  a 
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TABLE  7.  BUOYANCY  DATA  AND  CALCULATIONS 

Cylinder  No 

* 

14 

15 

16 

Measured  cyl inder  and  valve  weight  (without 
1500-psig  air),  lb 

36.10 

36.56 

36.13 

Measured  Internal  volume,  cu  in. 

709 

714 

713 

Calculated  weight  of  air  at  1500  psig, 

70  F,  lb 

3.21 

3.23 

3.23 

Calculated  weight  of  cylinder,  valve, 
end  1500-psig  air,  lb 

39.31 

39.79 

39.  J6 

Measured  fresh-water  buoyancy  of  cylinder, 
valve,  and  air,  lb 

0.4 

(neg) 

0.7 

(neg) 

9.6 

(neg) 

Measured  fresh-water  buoyancy  of  valve 
only,  lb 

1.25 

(neg) 

1.25 

(neg) 

1.25 

(neg) 

Calculated  fresh-water  buoyancy  of  cylinder 
and  1500-psi  air  only  (without  valve),  lb 

0.9 

(pos) 

0.6 

(pos) 

0.7 

(pos) 

Calculated  weight  of  fresh  water  displaced 
by  cylinder  and  valve,  lb 

38.91 

39.09 

38.76 

Calculated  volume  of  cylinder  and  valve,  cu  in. 

1076 

1082 

1072 

Calculated  weight  of  salt  water  displaced 
by  cylinder  and  ”alve,  lb 

39.90 

40.20 

39.70 

Calculate',  salt-water  buoyancy  of  cylinder, 
valve,  and  1500-psi  air,  lb 

0.6 

(pos) 

0.4 

(pos) 

0.3 

(pos) 

Measured  cylinder  weight,  lb 

34.33 

34.80 

34.37 

Calculated  weight  of  cylinder  and  1500-psi 
air  only  (without  valve),  lb 

37.54 

38.03 

37.60 

Calculated  weight  of  fresh  water  displaced 
by  valve  only,  lb 

0.52 

0.52 

0.52 

Calculated  volume  of  valve  only,  cu  in. 

14 

14 

14 

Calculated  volume  of  cylinder  only,  cu  in. 

1062 

1068 

105„ 

Calculated  weight  of  salt  water  displaced  by 
cylinder  only,  lb 

39.35 

39.60 

39.20 

Calculated  salt-water  buoyancy  of  cylinder  and 
air  only  (without  valve),  lb. 

1.8 

(DOS) 

1.6 

(pos) 

1.6 

(pos) 
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TABLE  8.  WALL-THICKNESS  MEASUREMENTS  FOR  DOT  3AA  2250 
STEEL  CYLINDERS 


Cylinder 

Wall-Thickness- 

Measurement  Designation  and  Location 

A 

B 

90°  From 
Fracture,  inch 

180°  From 
A.  inch 

Cylinder  78 

Neck  end 

1 

0.173 

0.160 

2 

0.170 

0.162 

3 

0.167 

0.168 

4 

0.169 

0.173 

Closed  end 

Average , 

A 

and  B  3  0.168 

Cylinder  79 

Neck  end 

1 

0.158 

0.161 

2 

0.161 

0.162 

3 

0.164 

0.165 

4 

0.164 

0.171 

Closed  end 

Average, 

A 

and  B  =•  0.163 

Cylinder  80 

Neck  end 

1 

0.163 

0.157 

2 

0.166 

0.164 

3 

0.170 

0.165 

4 

0.169 

0.167 

Closed  end 

Average, 

A 

and  B  3  0. 165 
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slight  taper  in  the  cylinders,  with  the  thinnest  region  generally  occurring  near 
the  top.  It  appeared  that  this  variation  in  wall  thickness  caused  the  frac¬ 
tures  to  occur  near  the  top  of  the  cylinders. 

The  cylinders  were  checked  for  compliance  with  the  DOT  3AA  2250  require¬ 
ments  using  Equation  (2).  The  calculated  stress  values  were  64,700  psi,  66,600 
psi,  and  66,600  psi  respectively,  for  Cylinders  78,  79,  and  80.  The  maximum  per¬ 
missible  stresses,  which  are  67  percent  of  ultimate,  were  68,400  psi,  69,300  psi, 
and  69,000  psi,  res  --actively,  for  Cylinders  78,  79,  and  80.  Thus  the  three  cylin¬ 
ders  met  the  DOC  3AA  2250  strength  requirements. 

An  interesting  comparison  was  the  ratio  of  the  rupture  pressures  to  the 
operating  pressures  for  the  steel  and  the  aluminum  cylinders.  For  the  steel 
cylinders,  the  ratios  were  2.41,  2.35,  and  2.37.  For  the  new  aluminum  cylinders 
the  ratios  were  2.42,  2.34,  and  2.56,  while  for  the  corroded  aluminum  cylinders 
the  ratios  were  2.65,  2.48,  and  2.41.  From  this  it  appeared  that  there  was  not 
a  significant  difference  between  the  steel  cylinders  and  the  aluminum  scuba  cylin¬ 
ders  from  the  viewpoint  of  the  margin  of  safety. 

Investigation  of  Cylinder-Rupture- 
Strength  Degradation  by  Corrosion 

This  report  section  describes  the  investigation  to  determine  whether 
corrosion  had  degraded  the  rupture  strength  of  the  aluminum  scuba  cylinders. 

Comparison  of  New-Cylinder  Rupture  Strength 
with  Corroded-Cy Under  Rupture  Strength 

The  previous  report  section  describes  the  investigation  of  the  rupture 
strength  of  new  aluminum  cylinders.  This  report  section  describes  the  investiga¬ 
tion  of  the  rupture  strength  of  corroded  cylinders  and  the  determination  of  the 
degradation  of  cylinder  rupture  strength  by  corrosion.  This  was  undertaken  in 
the  following  steps:  (1)  select  cylinders  to  represent  the  worst  corrosion  con¬ 
ditions;  (2)  measure  the  critical  dimensions  of  the  selected  corroded  cylinders; 
(i)  conduct  rupture  tests  of  the  selected  cylinders;  (4)  determine  the  basic 
strengths  of  the  cylinder  materials  using  tensile  specimens  from  the  ruptured 
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corroded  cylinders;  (5)  using  the  initial  cylinder  dimensions  and  the  measured 
rupture  pressures,  calculate  the  rupture  stresses  in  the  corroded  cylinders;  and 
(6)  compare  the  ratios  of  the  calculated  rupture  stresses  to  the  tensile  test 
ultimate  stresses  for  the  corroded  cylinders  with  the  ratios  of  the  calculated 
rupture  stresses  to  the  tensile  test  ultimate  stresses  for  the  new  cylinders  to 
determine  whether  the  rupture  strengths  of  the  corroded  cylinders  had  been 
measurably  reduced  by  the  corrosion. 

Selection  of  Corroded  Cylinders.  The  corroded  aluminum  cylinders  shipped 
to  Battelle  were  judged  by  the  respective  Navy  facilities  to  be  representative 
of  the  most  severely  corroded  cylinders  in  their  possession.  A  brief  survey  of 
the  64  cylinders  received  at  the  time  that  tests  were  begun,  however,  showed 
that  they  varied  significantly  in  the  severity  of  corrosion.  Since  it  was  impor¬ 
tant  to  select  the  most  severely  corroded  cylinders  of  those  received  for  the 
rupture  tests,  it  was  considered  advantageous  to  provide  a  photographic  record 
of  each  cylinder's  interior.  Utilizing  a  "fisheye"  lens  placed  in  the  neck  of  a 
cylinder  with  interior  illumination,  photographs  were  made  of  the  interior  sur¬ 
faces.  Unfortunately,  the  photographs  were  in  focus  only  for  a  depth  of  about 
1  to  2  inches  and,  therefore,  were  considered  inadequate  for  selection  purposes. 

In  another  inspection  technique,  attempts  were  made  to  use  a  borescope 
which  was  designed  and  fabricated  specifically  for  these  cylinders.  This  borescope 
was  found  to  be  useful  for  the  inspection  of  relatively  small  areas,  but  it  was 
not  applicable  to  a  general  survey  of  the  interior  of  the  cylinders. 

The  most  successful  inspection  procedure  consisted  of  placing  a  small 
automobile  lig'ntbulb  inside  each  cylinder,  and  conducting  a  systematic  naked-eye 
inspection  of  the  cylinder  interior.  Using  this  procedure,  Cylinders  34,  57, 
and  64  were  judged  to  be  the  most  severely  corroded  and  they  were  selected  for 
the  rupture  tests. 

Measurement  of  Critical  Cylinder  Dimensions.  The  procedures  described 
previously  for  measuring  the  new  aluminum  cylinders  were  also  used  for  measuring 
the  corroded  aluminum  cylinders.  Table  9  gives  the  measured  outside  circum¬ 
ferences  and  the  calculated  outside  diameters  for  the  corroded  cylinders.  Table 
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10  gives  the  wall  thickness  measurements  made  after  rupture  to  make  possible  an 
estimate  of  the  wall  thicknesses  of  the  cylinders  before  rupture. 


TABLE  9.  MEASURED  OUTSIDE  CIRCUMFERENCES  AND  CALCULATED 

OUTSIDE  DIAMETERS  OF  CORRODED  ALUMINUM  CYLINDERS 


Cylinder 

No. 

Circumference  at 
Cylinder  Center 
Before  Rupture, 
inches 

Outside  Diameter  at 
Cylinder  Center  Be¬ 
fore  Rupture, 
inches 

Fracture  Edge  to 
Fracture  Edge, 
inches 

Percent 

Expansion 

34 

24-1/8 

7.68 

24-7/8 

3.1 

57 

24 

7.64 

24-5/8 

2.6 

64 

24-3/16 

7.70 

25-1/4 

4.4 

Rupture  Tests  of  Corroded  Aluminum  Cylinders.  Cylinders  34,  57,  and 
64  were  pressurized  to  rupture  using  the  same  procedure  as  that  described  pre¬ 
viously  for  the  new  aluminum  cylinders.  Pressure-volume  plots  for  each  cylinder 
are  contained  in  Appendix  C.  The  rupture  pressures  for  Cylinders  34,  57,  and  64 
were  7950  psig,  7455  psig,  and  7225  psig,  respectively.  As  shown  in  Figure  3, 
these  values  were  well  within  the  frequency  histogram  for  the  rupture  pressures  of 
new  cylinders. 

Figure  6  is  a  photograph  of  the  corroded  cylinders  after  rupture.  The 
ruptures  were  similar  to  those  experienced  in  Cylinders  11,  12,  and  13. 


Tensile  .Strengths  of  Corroded  Cylinder  Material.  The  yield  and  ulti¬ 
mate  tensile,  strengths  or  the  materials  in  the  corroded  aluminum  cylinders  were 
attained  in  the  same  manner  as  were  the  yield  and  ultimate  tensile  strengths  for 
the  new  aluminum  cylinders,  described  previously.  Table  11  shows  the  longitudinal 
tensile  test  data  foi  the  corroded  cylinders. 


Calculation  of  Cylinder  Rupture  Stress.  Equation  (1)  was  used  to  cal¬ 
culate  the  rupture  stresses  in  corroded  Cylinders  34,  57,  and  64.  These  values 
were  49,300  psi,  48,300  psi,  and  47,000  psi,  respectively,  for  these  cylinders. 
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FIGURE  6.  RUPTURED  CORRODED  ALUMINUM  CYLINDERS 
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TABLE  10.  WALL -THICKNESS  MEASUREMENTS  FOR  CORRODED  ALUMINUM 
CYLINDERS  34,  57,  AND  64 


Wall-Thickness-Measurement 

Designation  and 

Location 

A 

B 

C 

D 

Cylinder 

Approximately  60°  to  90°  From 

the  Fracture,  inch  A.  inch 

180°  From 

A.  inch 

At  the  Fracture 
Edge .  inch 

Cylinder  34 

Neck  end 

i_ 

0.581 

0.580 

0.580 

0.570 

2 

0.568 

0.565 

0.563 

0.539 

3 

0.555 

0.563 

0.561 

0.  11 

4 

0.559 

0.562 

0.561 

0.547 

5 

Closed  end 

0.571 

0.570 

Average  of  A,  B,  C, 

0.571 

=  0.567  inch 

0.550 

Cylinder  57 

Neck  end 

1 

0.539 

0.558 

0.561 

0.525 

2 

0.529 

0.556 

0.562 

0.503 

3 

0.515 

0.553 

0.560 

0.480 

4 

0.520 

0.551 

0.561 

0.495 

5 

Closed  end 

0.527 

0.555 

Average  of  A,  B,  C 

0.561 

=  0.547  inch 

0.511 

Cylinder  64 

Open  end 

1 

0.570 

0.554 

0.561 

0.550 

2 

0.558 

0.542 

0.548 

0.514 

3 

0.550 

0.528 

0.541 

0.473 

4 

0.540 

0.529 

0.541 

0.507 

5 

Closed  and 

0.557 

0.555 

Average  of  A,  B,  C 

0.559 

■  0.549  inch 

0.520 

Note:  The  measurements  were  made  in  the  cylindrical  portion  of  the  cylinder  at 
5  equally  spaced  locations. 
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TABLE  11.  LONGITUDINAL  TENSILE  TEST  DATA  FROM  CORRODED 
RUPTURED  ALUMINUM  CYLINDERS 


Cylinder 

No. 

Yield  Stress, 

Sy ,  pS i 

Ultimate  Stress, 
Su>  psi 

Elongation  in  2 
inches.  Percent 

34 

51,800 

55,000 

15.0 

57 

48,800 

53,000 

16.0 

64 

47,500 

52,200 

14.0 

Determination  of  Cylinder  Degradation.  Columns  C  and  D  of  Table  12 
contain  the  tensile  and  rupture  stresses  for  the  new  and  corroded  aluminum  cylin¬ 
ders  that  have  been  described  previously.  Table  12  also  contains  the  yield 
stresses  of  the  test  cylinder  materials  as  determined  from  the  tensile  test  data 
(Co’umn  A),  and  yield  stresses  of  the  test  cylinders  as  calculated  using  the  mea¬ 
sured  internal  pressure  at  cylinder  yielding  (Column  B) .  An  examination  of 
Columns  A,  B,  C,  and  D  shows  that  good  agreement  was  obtained  between  the  tensile 
and  cylinder  test  values  for  the  yield  stresses,  while  only  fair  agreement  was  ob¬ 
tained  between  the  measured  ultimate  tensile  stresses  and  the  calculated  cylinder 
rupture  stresses. 

Comparing  the  ratio  of  the  cylinder  test  rupture  stress  (Column  D)  to 
the  tensile  test  ultimate  stress  (Column  C)  it  can  be  noted  that  the  average 
value  for  the  three  new  cylinders  is  0.943  and  for  the  corroded  cylinders  is 
0.905.  Thus  these  results  indicate  that  corrosion  of  the  type  found  in  Cylin¬ 
ders  34,  57,  and  64  reduced  the  rupture  stress  of  the  aluminum  cylinders  4.0 
percent  on  the  average  from  the  tensile  ultimate  stress.  It  should  be  pointed 
out  that  limited  data  were  available  in  this  investigation,  and  that  experimental 
results  under  closely  controlled  conditions  will  generally  exhibit  scatter  in  the 
range  of  about  5  percent.  Furthermore,  even  if  the  4.0  percent  is  approximately 
correct,  this  amount  of  strength  reduction  is  not  believed  to  be  significant 
because  of  the  margin  of  safety  that  must  be  provided  in  the  cylinder  design 
for  other,  larger  variables. 
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TABLE  12.  RUPTURE -STRENGTH  COMPARISON  OF  NEW  AND  CORRODED  CYLINDERS 


A 

B<a> 

C 

D<b> 

E 

Cylinder 

No. 

Tensile  Test, 
S  ,  ksi 

y 

Cylinder  Test, 
S  ,  ksi 

y 

Tensile  Test, 

S  ,  ksi 
u’ 

Cylinder  Test, 

S  ,  ksi 
u 

Ratio  Col 
D/Col  C 

11 

(new) 

39.5 

40.0 

47.4 

43.9 

0.926 

12 

(new) 

39.5 

37.7 

47.2 

43.1 

0.913 

13 

(new) 

41.3 

44.3 

47.7 

47.2 

0.990 

34 

(  n  av (*i.l ) 
yvWt  i  WUL.U / 

51.8 

Yield  pres¬ 
sure  not 
available 

55.0 

49.8 

0.905 

57 

(corroded) 

48.8 

46.0 

53.0 

48.3 

0.911 

64 

(corroded) 

47.5 

45.1 

52.2 

47.0 

0.900 

(a)  Calculated  using  Equation  (1)  and  measured  internal  pressure  at  yield. 

(b)  Calculated  using  Equation  (1)  and  measured  rupture  pressure. 


Analysis  fur  DOT  Requirements.  Wall  thickness  measurements  from  the 
ruptured  corroded  cylinders  were  used  with  Equation  (3)  to  determine  whether  the 
corroded  cylinders  met  (before  rupture)  the  intent  of  the  DOT  3AA  requirements. 
The  calculated  stresses  for  Cylinders  34,  57,  and  64  with  an  internal  pressure 
of  5000  psig  were  28,800  psi,  30,000  psi,  and  29,800  psi,  respectively.  Sixty- 
seven  percent  of  the  measured  tensile  strengths  for  these  cylinders  were  36,900 
poi,  35,500  psi,  and  35,000  psi, respectively.  Thus,  the  corroded  cylinders  met 
the  intent  of  the  DOT  3AA  specification. 

Degradation  of  Cylinder  Rupture  Strength 
by  the  Development  of  a  Critical  Flaw 

During  the  initial  examination  of  the  corroded  aluminum  cylinders,  a 
few  instances  were  found  in  which  the  majority  zi  the  corrosion  had  occurred  in 
a  narrow  strip  paralLel  with  the  cylinder  axis.  It  appeared  that  these  few  cylin 
vlers  had  been  placed  horizontally  in  storage  and  that  moisture  had  accumulated  at 
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the  corroded  area.  A  study  was  made  to  determine  whether  this  or  a  similar  cor¬ 
rosion  mechanism  might  produce  a  sufficiently  weakened  strip  of  material  that  a 
critical  flaw  would  be  developed,  resulting  in  cylinder  rupture. 

The  potential  hazard  of  a  critical  flaw  was  investigated  in  two  ways. 
First,  calculations  were  made  to  estimate  the  length  of  a  critical  flaw  for  the 
aluminum  scuba  cylinders  and  a  test  was  conducted  with  an  artificially  flawed  new 
cylinder  to  check  the  calculation.  Second,  the  corrosion  and  ruptures  in  Cylinders 
34,  57,  and  64  were  examined  to  determine  the  character  of  the  cylinder  corrosion. 


Rupture  Test  of  Flawed  Cylinder.  Consideration  of  the  critical  flaw 
test  led  to  the  decision  to  use  pneumatic  pressure  to  rupture  the  cylinder.  By 
doing  this,  it  was  possible  to  accomplish  the  following  objectives:  (1)  deter¬ 
mine  the  flaw  size  required  to  produce  rupture  at  the  operating  pressure,  (2) 
determine  the  nature  of  the  rupture  when  the  cylinder  is  filled  with  air,  and  (3) 
calculate  the  maximum  flaw  size  that  will  leak  without  causing  cylinder  rupture. 

Cylinder  17,  a  new  cylinder,  was  selected  for  this  experiment.  An 
estimate  of  the  flaw  size  for  failure  at  3000  psig  was  calculated,  based  on  sur- 

(1Q\ 

face  flaw  equations  developed  on  other  programs'*  '  and  ultrasonic  wall-thick¬ 
ness  measurements  made  on  this  cylinder.  Equation  (4),  below,  was  the  mathematical 
relationship  used: 


a 


h 


t/d  - 
t/d  -  1/M  » 


(4) 


where  =  nominal  hoop  stress  at  failure,  psi 

a*  =  flow  stress  of  the  material,  psi  -  taken  as  the  estimated  yield 
stress  for  the  calculation  of  the  flaw  size 

t  ■  wall  thickness  at  the  flaw,  in. 

d  «  depth  of  flaw,  in. 

( 18) 

M  *  stress  magnification  factor v  '  which  is  a  function  of  flaw 
length,  vessel  radius,  and  thickness. 

A  flaw  size  of  the  shape  and  dimensions  shown  in  Figure  7  was  placed 
in  the  cylinder  in  an  axial  direction.  The  width  of  the  flaw  was  uniform  at 
1/16  inch,  and  the  bottom  of  the  flaw  contained  a  60°  included  angle  which  had  a 
root  radius  of  0.0015  inch. 
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FIGURE  7.  ARTIFICIAL  FLAW  DIMENSIONS  FOR  CYLINDER  17 


Cylinder  17  was  pressurized  internally  with  nitrogen  until  rupture.  The 
rupture  pressure  was  3430  psig.  The  difference  noted  between  the  estimated  and 
actual  failure  pressure  was  partially  due  to  the  inaccuracy  of  the  ultrasonic 
wall-thickness  measurement.  This  measurement,  which  in  part  determined  the  dimen¬ 
sions  of  the  flaw  to  be  created,  showed  a  wall  thickness  of  0.582  inch,  while  the 
actual  wall  thickness  measured  after  the  experiment  was  found  to  be  0.594  inch. 

Figure.  8  is  a  photograph  of  Cylinder  17  after  rupture.  It  can  be 
observed  that  the  energy  stored  in  the  pneumatically  pressurized  cylinder  caused 
the  cylinder  to  split  in  half  and  almost  fracture  into  three  pieces.  Longitudinal 
tensile  tests  utilizing  specimens  from  the  ruptured  cylinder  showed  that  the 
yield  stress  of  the  material  was  43,200  psi.  The  calculated  flow  stress  after 
the  experiment  was  36,300  psi,  or  84  percent  of  the  yield  stress. 

This  experiment  confirmed  that  a  ruptured,  pneumatically  pressurized 
scuba  cylinder  represents  a  serious  potential  personnel  hazard.  However,  the 
experiment  also  showed  that  it  would  take  a  large  flaw  to  produce  rupture  at  the 
3000-psig  operating  pressure  of  the  cylinder.  Based  on  this  experiment,  it  was 
calculated  that  flaw  lengths  less  than  3,0  in.  would  leak  at  3000  psig  but  would 
not  be  expected  to  cause  rupture  of  the  cylinder.  This  estimate  was  based  on 
the  minimum  yield  strength  of  material  specified  in  MIL-C-24316 (SHIPS) ,  and  on  a 
minimum  wail  thickness  of  0.540  in. 

Characterization  of  Corrosion  in  Ruptured  Cylinders.  Figures  9,  10, 
and  11  show  the  corrosion  on  the  inside  of  Cylinders  34,  57,  and  64  following 
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49565 


FIGURE  8.  PNEUMATICALLY  RUPTURED  CYI.INTFR  17 
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FIGURE  10.  CORROSION  IN  CYLINDER  57 
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Che  rupture  tests.  In  Cylinder  34,  the  most  severely  corroded  area  was  roughly 
90  degrees  from  the  fracture.  In  Cylinder  57,  the  corrosion  was  generally  all 
over  the  inside  surface.  In  Cylinder  64,  the  inside  was  generally  corroded,  and 
a  line  of  corrosion  existed  approximately  180  degrees  from  the  fracture. 

Figures  12  and  13  show  closeups  of  the  inside  surfaces  of  Cylinders 
57  and  64,  respectively,  in  tne  origin  region  of  the  fracture.  In  Cylinder  57, 
the  inside  edge  of  the  fracture  was  jagged  and  appeared  to  have  progressed  from 
one  corrosion  pit  to  another.  In  Cylinder  64,  there  was  no  indication  that  the 
fracture  followed  or  was  affected  by  the  corrosion  pits  because  the  inside  edge 
of  the  fracture  was  a  smooth,  essentially  straight  line.  Thus  it  appeared  that 
the  corrosion  pits  may  have  guided  the  fracture  in  the  origin  area  of  Cylinder 
57,  but  not  in  the  other  two  cylinders. 

Metallographic  sections  were  prepared  of  the  fracture  origin  regions 
in  the  three  corroded  cylinders.  Figures  14,  15,  and  16  show  micrographs  of 
matching  sections  pK  the  origins  of  the  fracture  in  Cylinders  34,  57,  and  64, 
respectively.  In  none  of  these  sections  were  the  corrosion  pits  believed  to  be 
deep  enough  to  have  had  a  significant  effect  on  the  fracture. 

In  addition  to  the  fracture  origin  sections,  13  additional  sections  were 
taken  through  corrosion  pits  remote  from  the  origin  to  characterize  the  pits. 

Table  13  summarizes  the  length  and  depth  of  the  selected  pits.  Also  presented 
in  Table  13  are  thickness  measurements  and  Rockwell  E  hardness  values  measured 
on  the  sections.  Micrographs  of  three  of  the  sections  through  the  deepest  pits 
are  shown  in  Figures  17,  18,  and  IS.  In  Figures  17  and  19  (from  Cylinders  34 
and  64,  respectively)  the  corrosion  appeared  to  have  progressed  into  the  wall 
thickness  and  also  parallel  tc  the  surface,  producing  a  flat  bottom  in  the 
corrosion  pit.  This  type  of  pit  appeared  to  be  representative  of  most  of  the 
pits  sectioned.  Figure  18  shows  the  only  corrosion  pit  sectioned  which  appeared 
to  contain  a  relatively  sharp  tip  at  the  bottom.  This  pit  was  also  the  largest 
pit  sectioned  and  yet  it  existed  approximately  90°  from  the  fracture  origin. 

Conclusions.  Based  on  the  examination  of  the  68  corroded  aluminum 
scuba  cylinders  that  were  received  at  Battelle-Columbus ,  on  the  rupture  test  of  an 
intentionally  flawed  aluminum  cylinder,  and  on  a  detailed  examination  of  the  three 
most  corroded  cylinders,  it  was  concluded  that  corrosion  apparently  did  not 
constitute  an  immediate  personnel  hazard.  Because  the  exact  nature  of  the 
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FIGURE  13.  CLOSE-UP  OF  CORRODED  CYLINDER  *'< 
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Ki:  14.  SUCTION  THROUGH  FRACTURE  ORIGIN  IN  CYLINDER  34 
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25X  As  Ground  8E53/ 


Pit  Depth  0.040" 
Pit  Length  0.125" 


FIGURE  17. 


DEEPEST  PIT  IN  CYLINDER  34 


(SECTION  34-1) 


25X  As  Ground 


Pit  Depth  0.047" 

Pit  Length  0.39" 

FIGURE  18.  DEEPEST  TIT  IN  CYLINDER  57  (SECTION  57-5) 


25X  As  Ground  8E535 


Pit  Depth  0.032" 

Pit  Length  0.250" 

FIGURE  19-  DEEPEST  PIT  IN  CYLINDER  64  (SECTION  64-4) 
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TABLE  13.  RESULT  OF  METALLOGRAPHIC  SECTIONS  OF  SELECTED 
CORROSION  PITS 


Cylinder 

Maximum  Pit 
Depth,  inch 

Pit  Length, 
_ ififh 

Well  Thick¬ 
ness.  inch 

Rockwell  E  Hard¬ 
ness  Value 

Cylinder  34 

Section  34-1 

0.040 

0.125 

0.580 

97. 

34-2 

0.036 

0.312 

0.584 

96. 

34-3 

0.031 

0.282 

0.585 

96.3 

34-4 

0.030 

0.312 

0.593 

95. 

Cylinder  57 

Section  57-1 

0.026 

0.266 

0.520 

98.6 

57-2 

0. 022 

0.312 

0.532 

94. 

57-3 

0.012 

0.360 

0.518 

96. 

57-4 

0.020 

0.297 

0.520 

93.7 

57-5 

0.047 

0.390 

0.525 

97.0 

Cylinder  64 

Section  64-1 

0.025 

0.125 

0.489 

96.3 

Section  64-2 

0.024 

0.125 

0.520 

97.3 

64-3 

0.032 

0.219 

0.571 

96.6 

64-4 

0.032 

0.250 

0.561 

95.3 

corrosion  remains  in  doubt,  however  (see  below),  it  is  possible  that  an 
active  pic  could  penetrate  the  cylinder  wall.  With  an  internal  cylinder  pres¬ 
sure  of  3000  psi,  the  gas  issuing  from  such  a  pit  could  constitute  a  personnel 
hazard,  Although  less  likely^  it  is  also  possible  that  a  number  of  pits,  oriented 
in  a  line  nearly  parallel  to  the  cylinder  axis,  cruld  approach  the  critical  flaw 
size,  resulting  in  a  potentially  hazardous  situation.  Thus  some  schedule  of 
cylinder  examination  is  mandatory. 
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Investigation  of  the  Cause 
of  Cylinder  Corrosion 


Prior  to  the  inltlf tion  of  this  program,  an  aluminum  scuba  cylinder 
was  received  and  examined  at  Battelle-Columbus  to  determine  whether  a  caustic 
cleaning  solution,  trisodium  phosphate,  had  caused  corrosion  of  the  cylinder. 

As  received,  the  cylinder  contained  a  gelatinous  residue  (both  solid  and  liquid). 
This  was  removed  and  dried.  The  dried  residue  was  found  to  consist  of  white  and 
black  particles  corresponding  to  the  physical  description  found  in  the  Naval 
Ordnance  Station  report,  "Residue  in  Divers'  Air  Tanks",  September  1969. 

The  cylinder  was  then  slit  lengthwise,  as  shown  in  Figure  20.  The 
white  areas  are  the  corrosion  products.  A  number  of  pits  were  found  under  these 
white  corroded  areas  Several  of  the  pits  were  probed  and  found  to  have  a  depth 
of  about  0.15  inch.  A  metallographic  cross  section  was  made  through  one  of  the 
pits.  Figure  21  shows  an  enlarged  photograph  of  the  base  of  the  pit--inter granular 
attack  can  be  clearly  seen.  This  type  of  intergranular  pitting  attack  is  often 
associated  with  chlorides  and  fluorides. 

Chemical  analyses  were  then  made  of  the  dried  corrosion  product. 
Initially,  an  overall  survey  of  the  corrosion  product  was  made  using  optical- 
emission  spectrography.  The  results  of  this  analysis  are  shown  in  Table  14. 


TABLE  14.  QUALITATIVE  OPTICAL  EMISSION  SPECTROGRAPHIC  ANALYSIS 
OF  CORROSION  DEPOSIT  IN  PREPROGRAM  CYLINDER 


Element 

Relative  Amount 
Found 

B 

Low 

Na 

Low 

Mg 

Low 

A1 

Major 

Si 

Low 

Ca 

Low 

Ti 

Trace 

Cr 

Trace 

Mn 

Trace 

Fe 

Low 

Ni 

Trace 

Cu 

Low 

Zn 

Trace 

Ga 

Trace 

Sr 

Trace 

Sn 

Trace 
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80X  C-2936 

Enlarged  Area  Showing  Attack  at  Grain  Boundaries 

FIGURE  21.  PHOTOMICROGRAPHS  OF  A  CROSS  SECTION  THROUGH  ONE  PIT 
IN  THE  PREPROGRAM  CYLINDER 

Etchant:  3.5  parts  HNO^  -  1.5  parts  HF  -  balance 
water. 
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No  significant  amount  of  the  corrosive  agent  originally  suspected,  i.e.,  phosphorus, 
was  discovered.  A  more  detailed  and  quantitative  analysis  was  conducted  on  the 
corrosion  product  and  the  cylinder  alloy  using  optical-eadsaion  spectrography, 

X-ray  fluorescence  spectrography,  and  spark-source  mass  spectrography .  The  results 
of  these  analyses  are  summarised  in  Table  IS.  Again,  it  was  noted  that  a  very 
low  concentration  of  phosphorus  (0.003  percent)  was  present  in  the  corrosion 
product.  Fluorine,  however,  was  indicated  by  spark-source  mass  spectrography  at 
0.7  perce.it  in  the  corrosion  product,  which  was  considered  abnormally  high.  The 
fluorine  content  was  then  measured  more  accurately  utilizing  wet-chemical 
analytical  procedures,  and  its  concentration  was  determined  to  be  0.3  percent--an 
amount  still  considered  abnormally  high. 

It  was  concluded  that  0.3  percent  fluorine  was  sufficient  to  account 
for  the  pittitig  observed  and  was  the  probable  corrodent.  Although  the  source  of 
the  fluorin*.  was  unknown,  fluorine  is  contained  in  hydrofluoric  cleaning  acids 
which  are  sometimes  used  to  clean  aluminum.  Based  on  this  initial  examination, 
it  was  expected  that  the  coriosion  products  in  the  cylinders  to  be  examined 
during  the  Phase  I  program  would  contain  a  high  fluorine  content.  The  exami¬ 
nation  of  the  cylinders  is  discussed  in  three  parts:  corrosion  examination, 
chemical  analysis,  and  conclusions. 

Corrosion  Examination 


Based  on  the  optical  survey  of  the  corroded  cylinders  described  previously, 
the  following  five  cylinders  were  selected  as  being  the  most  severely  corroded  of 
those  remaining  after  the  rupture  tests  -  Cylinders  21,  32,  41,  53,  and  63.  These 
cylinders  were  slit  lengthwise  on  a  large  bandsaw  with  no  lubricant.  One-inch- 
square  pieces  covered  with  heavy  corrosion  product  were  cut  from  the  most  corroded 
naif  of  each  tank  to  be  used  for  microprobe  analyses.  The  remainder  of  the 
sampled  half  of  each  cylinder  was  then  descaled  in  5  weight  percent  phosphoric 
acid  (H^PO^)  at  room  tempe'ature.  The  pit  depths  in  the  descaled  halves  were 
measured,  and  a  maximum  and  average  depth  were  recorded.  Metallographic  examina¬ 
tions  were  made  of  at  least  one  pit  (usually  thedeepest  one)  found  in  each  cylinder. 

The  internal  surfaces  of  each  cylinder  after  the  slitting  operation  are 
shown  in  Figure  22.  The  amount  of  corrosion  product,  which  was  not  the  same  on 
each  half,  appeared  to  be  greatest  on  Cylinders  21,  32,  and  58.  The  corrosion 
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TABLE  15.  ANALYSIS  OF  CORROSION  PRODUCTS 
IN  PREPROGRAM  CYLINDER 


Li 

— 

— 

C.00C1* 

— 

— 

O.OfOl* 

B 

0.1* 

— 

0.006 

-- 

— 

0.0002* 

F 

-- 

— 

0.7(e) 

-- 

— 

0.01* 

Na 

— 

— 

0.03 

— 

— 

0.03* 

Hg 

0.3 

0.6* 

=1.0 

0.9 

0.93* 

=1.0 

A! 

Major 

Major 

Major 

Major 

Major 

Major 

Si 

0.3* 

-- 

-<t  r. 

t  •  V 

-- 

V*  *  “tJ  *• 

*1.0 

P 

— 

— 

0.003* 

— 

— 

=20.003* 

A 

J 

— 

-- 

C.02* 

— 

0.05*(f) 

0.6(f) 

Cl 

— 

— 

0.005* 

— 

— 

0.02* 

K 

0.3* 

— 

*1.0 

-- 

— 

0.01* 

Ca 

0.5* 

— 

*1.0 

— 

— 

0.2*-0.5* 

ri 

0.01* 

— 

0.07 

— 

0.04* 

=3.5 

V 

0.01 

— 

0.01* 

— 

-- 

0.01* 

Cr 

0.03 

0.035* 

0.06 

0.085* 

0.04 

0.06 

Mn 

0.01 

— 

0.01* 

— 

0.016* 

0.01 

Fe 

0.3 

0.2* 

0.3 

0.4* 

0.26 

0.6 

Co 

— 

— 

<0.002* 

— 

— 

<0.0003* 

Ni 

0.02 

0.024* 

0.03 

0.01* 

0.05 

0.008 

Cu 

0.1* 

— 

0.3 

— 

0.26* 

*1.0 

Zn 

— 

— 

0.03* 

— 

0.14* 

0.3 

Ga 

0.01 

— 

0.03* 

— 

-- 

0.003* 

As 

0.01 

-- 

=^0.0002* 

— 

— 

==0.0002* 

Sr 

— 

— 

0.03* 

— 

-- 

0.001* 

Zr 

— 

— 

0.002* 

-- 

— 

0.004* 

Ag 

0.01 

-- 

=20.0004* 

— 

— 

=0.0004* 

Cd 

-- 

— 

=3.002* 

-- 

— 

=3.002* 

Sn 

0.01 

— 

0.01* 

— 

0.035* 

=0.0007 

Sb 

-- 

— 

=0.00G1* 

-- 

— 

0.0004* 

Ba 

-- 

-- 

0.005* 

— 

— 

0.001* 

Hg 

-- 

— 

<0.0002* 

— 

— 

<0.0002* 

Pb 

0.01 

-- 

0.01* 

... 

0.04* 

0.005 

Note:  Preferred  value  marked  with  asterisk. 


(a) 

(b) 

(c) 

(d) 

(e) 

(f) 


Optical  emission  spectrography»  approx,  accuracy  -  x  factor  of  3.0 
Optical  emission  spectrography ,  ditto  x  factor  of  0.5 

Spark  source  mass  spectrography,  "  x  factor  of  3.0 

X-ray  fluorescence  spectrography,  "  ±5  percent 

Wet  chemical  result  “  0.30*  percent,  "  +5  percent 

Apparent  SSMS  error,  rechecked  with  XRF. 
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FIGURE  22.  CORRODED  INTERIORS  OF  SELECTED  ALUMINUM  CYLINDERS 
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produce  was  white  in  all  cylinders  except  for  three  areas  in  Cylinder  63  which 
were  a  pale  yellow.  The  yellow  product  in  this  cylinder  (see  Figure  22)  was 
located  on  threads  at  the  plugged  end,  and  in  the  two  almost  vertical  light 
areas  at  the  bottom  left  on  the  left.  half. 

The  left  half  of  Cylinders  21,  32,  41,  and  63  and  the  right  half  tf 
Cylinder  58  as  shown  in  Figure  22  were  judged  to  be  the  most  heavily  corroded 
halves  for  each  cylinder.  The  appearance  of  these  halves  after  removal  of  the 
specimens  for  microprobe  examination  and  after  descaling  are  shown  in  Figures 
23  through  26.  The  most  extensive  attack  occurred  in  Cylinders  32  and  41  as  a 
row  of  pits  along  the  length  of  the  cylinders.  This  suggested  that  these 
cylinders  were  stored  on  their  sides  for  a  long  period  of  time,  and  that  the 
moisture  in  the  cylinders  drained  to  the  lowest  areas,  causing  accelerated  attack. 
The  pitting  attack  was  random  in  Cylinders  21,  58,  and  63,  and  the  attack  tended 
to  be  filamentary.  Photomaorographs  of  the  deeper  pits  in  Cylinders  32,  41, 
and  58  are  shown  iu  Figures  27  and  28. 

The  pit  depths  were  measured  with  a  micrometer  depth  gage  in  which  the 
"feeler"  had  been  machined  to  1/64 -inch  diameter  to  permit  penetration  into  the 
pits.  The  pit  depths  as  measured  by  this  technique  ranged  from  <0.001  to  0.056 
inch.  The  maximum  and  average  pit  depths  for  each  of  the  cylinders  are  listed 
in  Table  16.  Two  cylinders  exhibited  light  pitting,  two  cylinders  exhibited 
severe  pitting,  and  the  pitting  in  the  fifth  cylinder  was  intermediate. 

TABLE  16.  MAXIMUM  AND  AVERAGE  PIT  DEPTHS 
FOR  SAMPLE  CORRODED  CYLINDERS 


Cylinder  No. 

Maximum  Pit  Depth 
Discovered,  inch 

Average 

Pit  Depth,  inch 

41 

0.053 

0.031 

A  A 

0.056 

63 

0.015 

0.010 

58 

0.001 

<  0.001 

21 

0.002 

<  0.002 

One  of  the  deeper  pits  from  each  cylinder  was  examined  in  cross 
section  perpendicular  to  the  long  axis  of  the  cylinder.  Photomicrographs  of 
these  pits  are  shown  in  Figures  29  to  33.  Tho  photomicrographs  show  that  the 


BATTELLE  MEMORIAL  INSTITUTE  -  COLUMBUS  LABORATORIES 


FIGURE  23.  ALUMINUM  CYLINDERS  AFTER  DESCALING  IN  5  PERCENT 
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NOT  REPRODUCIBLE 
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FIGURE  24  .  TYPICAL  CORRODED  AREAS  ON  CYLINDERS  21  AND  32  AFTER  DESCALING 


FIGURE  25.  TYPICAL  CORRODED  AREAS’.  ON  CYLINDERS  41  AND  58  AFTER  DESCALING 


>6 


20X 


As  Folished 


C-3086 


‘  ’  **  *»•*•*•#*  ' 

90X  Etched  C-3087 


FIGURE  30.  CROSS  SECTION  CF  A  DF  ’P  i xT  IN  CYLINDER  32 
Note  laminar  attack. 

Etchant:  3.1  parts  HNO,  -  1.5  pay  .s  HF  - 
balance  waterJ 
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As  Polished 


FIGURE  31.  CROSS  SECTION  THROUGH  A  PIT  IN  CYLINDER  41 

Note  the  laminar  attack  ar.1  upward  move¬ 
ment  of  metal  layers  by  oxide  expansion. 

Etchant:  3.5  parts  HNO^  -  3.5  parts  HF  - 
balance  water. 
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9 OX  Etched  C-3091 


FIGURE  32.  CROSS  SECTION  OF  A  DEEP  PIT  IN  CYLINDER  58 

Note  that  this  attack  is  intergranular  in 
contrast  to  the  laminar  attack  observed  in 
the  pits  in  other  cylinders. 

Etchant:  3.5  parts  HNO^  -  1.5  parts  HF  - 
balance  water. 
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90X 


As  Polished  C-3092 


90X 


As  Polished  1  j093 


FIGURE  33.  CROSS  SECTION  THROUGH  DEEPEST  PITS  (TOP)  AND  LEAD  PRODUC1 
ON  SURFACE  (BOTTOM)  IN  CYLINDER  63 

Note  that  the  pit  depth  beneath  the  lead  deposit  is  less 
than  the  maximum  pit  depth. 
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attack  in  the  cits  generally  occurred  along  stringer  paths  oriented  in  the 
direction  of  fabrication  of  the  original  heavy  tubing.  This  is  not  uncommon 
in  aluminum  alloys,  being  somewhat  analogous  to  end-grain  attack  observed  in 
hif '••••itrcnsth  aluminum  alloy  forgings.  Figure  31  shows  the  wedging  action  of 
the  corrosion  nroduct  in  the  pit  in  Cylinder  41  which  forced  up  layers  of 
metal  previously  isolated  by  the  stringer-like  attack. 

A  metallographic  examination  was  also  made  beneath  the  yellow  corrosion 
product  found  in  Cylinder  63.  The  photomicrograph  of  this  area  is  also  shown 
in  Figure  33.  No  accelerating  effect  was  observed  from  a  comparison  of  the  depth 
of  pitting  in  this  area  with  the  maximum  depth  of  attack  observed  elsewhere  in 
Cylinder  63. 

Chemical  Analysis 

Corrosion  products  were  obtained  from  Cylinders  21,  58,  and  63  before 
they  were  cut  open  as  described  above,  and  from  Cylinders  34,  57,  and  64.  The  six 
samples  were  analyzed  with  a  spark-source  mass  spectrometer.  Particular  atten¬ 
tion  was  given  to  chlorine,  fluorine,  sulfur,  and  phosphorus  because  the  first 
two  are  known  pitting  agents  and  the  latter  two  are  often  found  in  alkaline 
cleaners.  The  results  are  summarized  in  Table  17.  The  fluorine  content  was  s200 
ppm  in  all  samples  but  one,  and  the  chlorine  content  ranged  from  50  to  200  ppm. 
Lead  was  extremely  high  in  the  samples  from  Cylinders  63  and  64. 

The  lead  in  the  six  samples  was  checked  by  atomic  absorption,  while 
the  fluorine  was  checked  by  a  fusion-distillation-titration  technique.  These 
results  are  sunmarized  in  Table  18.  Reasonably  good  duplication  with  the  mass- 
spec  trographic  analysis  was  obtained  for  all  results  except  the  fluorine  in 
C, ' inder  64,  which  was  lower  by  an  order  of  magnitude  In  the  wet  analysis.  How¬ 
ever,  there  was  sufficient  sample  to  permit  duplicate  analyses  for  fluorine  in 
Cylinder  63  and  lead  in  Cylinder  64,  The  duplication  was  not  good,  particularly 
with  respect  to  lead,  thus  suggesting  that  the  corrosion  product  was  non- 
homogeneous . 

Microprobe  examination  and  «,.clyses  were  conducted  on  the  surface 
deposits  located  on  the  1-iurh-square  specimens  removed  from  Cylinders  21, 

41,  58,  and  S3.  A  large  part  of  the  area  of  the  surface  deposit  on  the  sample 
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TABLE  17.  MASS  SPECTROGRAPHIC  ANALYSIS  OF  RESIDUE  IN  CORRODED  CYLINDERS 
(Ppm  or  percent  by  weight) 


Element 

Cylinder 

21 

34 

57 

58 

63 

"  64(a) 

F 

600 

60 

600 

300 

4000 

P 

10 

100 

6 

50 

20 

50 

S 

80 

200 

600 

500 

100 

Cl 

100 

50 

200 

150 

70 

Pb 

10 

1 

80 

U0% 

(a)  Cylinder  64  had  a  high  hydrocarbon  content. 


TABLE  18.  CHEMICAL  ANALYSIS  OF  CORROSION  PRODUCTS  FOR  SELECTED  ELEMENTS 
(Ppm  or  percent  by  weight) 


Cylinder 

Lead 

Fluorine 

21 

100 

330 

34 

(Not  enough  sample 
for  analysis) 

57 

23 

175 

58 

150 

430 

63 

8.77. 

220^®) 

12.5S(,) 

160(«> 

64 

230 

(a)  Sufficient  sample  permitted  duplicate  analyses. 
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from  Cylinder  21  was  checked  for  fluorine,  but  none  was  detected.  One  part 
of  the  deposit  showed  a  small  concentrated  spot  of  lead  and  a  relatively  low 
concentration  of  chlorine.  Some  low-intensity  areas  of  sulfur  were  also  seen 
on  the  sample.  A  large  portion  of  the  surface  area  of  the  sample  from  Cylinder 
58  was  checked  for  fluorine  and  lead,  but  neither  was  detected.  Some  low- 
intensity  areas  of  chlorine  and  sulfur  were  detected.  The  sample  from 
Cylinder  63  had  a  relatively  thick  deposit  that  was  creamy  or  yellow  in  appear¬ 
ance.  Microprobe  analysis  of  this  deposit  showed  a  high  concentration  of  lead. 
Low-intensity  spots  of  chlorine  were  also  detected,  but  no  fluorine  was  detected. 
For  the  sample  from  Cylinder  41,  no  lead  or  fluorine  were  detected,  but  some 
small  spots  of  low-intensity  chlorine  and  sulfur  were  found. 

The  creamy,  yellowish  deposit  noted  in  Cylinder  63  was  analyzed 
using  optical-emission  spectrography  and  X-ray  diffraction  techniques.  Optical- 
emission  spectrography  indicated  extremely  high  concentrations  of  lead  and 
aluminum,  low  concentrations  of  sodium,  iron,  copper,  bismuth,  and  phosphorus, 
and  trace  amounts  of  chromium,  nickel,  magnesium,  silicon,  and  calcium. 

Utilizing  X-ray  diffraction  techniques,  lead  carbonate  (PbCC>3)  was  identified 
as  the  major  compound  present,  with  a  possible  trace  of  pure  lead. 

Conclusions 


The  variation  in  the  degree  of  corrosion  attack  in  the  cylinders,  and 
the  variation  in  the  chemical-analysis  results  for  the  corrosion  products  obtained 
from  intact  cylinders  as  compared  with  corrosion  products  occurring  on  1-inch- 
square  metal  specimens  indicate  chat  the  corrosion  attack  and  the  corrosion  pro¬ 
ducts  were  not  homogeneous.  On  the  basis  that  the  corrosion  products  from  the 
intact  cylinders  were  more  indicative  of  the  corrodents  than  the  small  samples, 
it  was  concluded  that  the  fluorides  found  in  the  corrosion  product  together 
with  moisture  from  the  air  were  the  probable  corrosive  agents.  The  concentra¬ 
tions  of  fluorides  in  the  present  study  were  of  the  order  of  hundreds  of  ppm 
while  those  in  the  previous  study  were  in  the  thousand-ppm  range.  However,  the 
lower  level  t  .s  still  considered  to  be  sufficiently  high  to  cause  pitting  attack 
of  the  type  noted.  The  lead,  which  was  probably  present  as  the  result  of  using 
pipe  "dope"  on  the  ’breaded  bottom  plug,  did  not  appear  to  influence  the  corrosion 
of  the  cylinder.  Hov.  ver,  lead  could  be  a  harmful  constituent  in  the  breathing  air. 
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Consideration  of  Manufacturing  and 
Field-Testing  Procedures 


A  further  objective  of  the  program  was  the  consideration  of  the 
exist Lng  manufacturing  specifications  and  field-testing  procedures  to  determine 
whether  aluminum  scuba  cylinders  can  be  produced  and  used  with  a  high  degree  of 
confidence.  This  work  is  described  in  the  following  sections. 

Manufacturing  Specifications 

The  aluminum  scuba  cylinders  are  manufactured  in  accordance  with 
MIL-C-24316(SHIPS) ,,  Cylinder,  Compressed  Gas,  Diver's,  Nonmagnetic,  Aluminum 
(see  Appendix  B).  This  specification  was  prepared  in  accordance  with  the 
format  and  standard  requirements  of  similar  military  specifications. 

Military  specifications  of  this  type  consist  of  3ix  sections.  The 
first  section--Scope — describes  the  item  covered  by  the  specification.  The 
second  section--Applicable  Documents --lists  all  applicable  documents  which 
have  been  selected  to  be  included  in  the  specification  under  preparation. 

The  use  of  such  pt st  documents  greatly  simplifies  the  writing  of  the  new 
document.  The  third  section--Requirements- -describes  the  physical  and  per¬ 
formance  characteristics  which  are  required  by  any  item  covered  by  the 
specification.  The  fourth  section--Qualit.y  Assurance  Provisions--describes 
the  manufacturing  procedures  that  are  required  in  order  to  assure  the  manufacture 
of  acceptable  components.  Section  five--Preparation  for  Dtlivery-describes 
different  packaging  and  packing  procedures  that  must  he  followed,  while 
the  sixth  section--Notes- -describes  any  general  comments  that  are  desirable 
in  the  interpretation  and  use  of  the  specifications. 

Detailed  consideration  was  given  to  the  sections  of  the  specification 
covsring  Requirements  and  Quality  Assurance  Previsions.  The  other  sections  of 
the  specification  were  reviewed  briefly.  In  general  it  was  concluded  that  the 
specification  5s  well  written  and  represents  detailed  consideration  of  the 
areas  covered.  Ni  rr^blama  were  envisioned  for  the  sections  on  Scope,  Applicable 
Documents,  Preparation  fer  Delivery,  01  Notes. 
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However,  several  possible  problem  areas  were  found  to  exist  with 
different  parts  of  the  sections  on  Requirements  and  Quality  Assurance 
Provisions.  The  correction  of  the  specification  to  solve  these  problems 
would  require  effort  beyond  the  scope  of  this  program.  However,  a  brief 
description  of  the  possible  problems  is  rive  below.  For  completeness,  comments 
are  included  for  each  part  of  the  sections  on  Requirements  and  Quality  Assurance 
Provisions.  The  numbers  of  the  comments  correspond  to  the  associated  numbers 
in  the  specification. 

3.1  Description.  No  change  is  recommended. 

3.2  Physical  Parameters.  A  change  is  recommended  because  it  is 
believed  that  additional  dimensions  are  needed  in  Figure  1  of  the  specification 
to  prevent  the  fabrication  of  an  unusual  shape  which  might  have  a  section  with 
insufficient  strength.  The  three  areas  of  most  concern  are  the  curvature  of 
the  base  end,  the  curvature  of  the  neck  end,  and  the  length  and  uniformity  of 
the  cylindrical  section. 

After  conducting  the  rupture  tests  on  these  aluminum  scuba  cylinders 
and  comparing  the  results  to  those  for  the  DOT  3AA  2250  steel  cylinders,  it  is  be¬ 
lieved  that  the  DOT  strength  requirement  [Equation  (3),  herein]  could  be  included 
in  this  specification  as  a  strength  requirement.  This  would  provide  greater 
assurance  of  the  strength  characteristics  of  the  cylinders  produced  to  this 
specification.  At  present,  the  strength  requirements  are  hidden  in  other 
requirements  such  as  the  elastic  expansion  and  permanent  expansion  characteristics 
of  the  cylinders. 

3.2.1  Material.  No  change  is  recommended. 

3.2.2  Necked  End.  A  change  Js  recommended  because  the  length  of 
the  neck  is  not  adequately  defined.  The  correction  of  this  would  include  a 
better  dimensioning  approach  than  that  shown  on  Figure  1  for  the  neck  length. 

3.2.3  Threading.  No  change  is  recommended. 

3. 2. 3.1  Protection  of  Threads.  A  change  is  recommended  to  require 
the  exclusion  of  moisture  and  foreign  matter. 

3.2.4  Base  End.  A  change  is  recommended  because  the  required  weld 
is  inadequately  described,  and  because  the  second  sentence  of  3.2.4  conflicts 
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with  the  use  of  a  weld.  The  correction  could  include  the  elimination  of  the 
second  sentence,  and  the  inclusion  in  Figure  1  of  a  blow-up  section  showing 
the  type  and  depth  of  the  weld  required. 

3.2.5  Interior  Surfaces.  No  change  is  recommended. 

3.2.6  Pressure .  No  change  is  recommended. 

3.2.7  Expansion  Characteristics.  A  change  is  recommended  because 
the  permanent  expansion  value  is  based  on  the  consideration  that  the  cylinder 
expands  relatively  uniformly.  If  the  cylinder  has  a  relatively  small,  weak 
section,  such  as  might  be  provided  by  a  tapered  cylindrical  se: ■ion,  the  weak 
section  could  yield  excessively  while  the  overall  permanent  expansion  value 
would  not  be  excessive.  It  is  believed  that  the  overall  permanent  expansion 
value  should  be  combined  with  specific  measurements  on  selected  parts  of  the 
cylinder. 

3.2.8  Hardness.  A  change  is  recommended  because  of  the  maximum 
hardness  value.  Either  no  maximum  hardness  should  be  used,  or  the  value  should 
be  higher.  The  better  approach  has  not  yet  been  selected. 

3.2.9  Magnetic  Effects.  No  change  is  recommended. 

3.2.10  Buoyancy  and  Trim.  A  change  is  recommended  because  the 
conditions  and  tolerances  of  buoyancy  and  trim  are  not  specified.  The  change 
should  include  a  description  in  the  Quality  Assurance  Provisions  section  of 
adequate  test  procedures. 

3.3  Serial  Number.  No  change  is  recommended. 

3.4  Markina.  A  change  is  recommended  because  there  is  no  provision 
against  marking  on  the  cylindrical  portion  of  the  cylinder. 

3.5  Coating.  No  change  is  recommended. 

3*6  Cleaning.  A  change  is  recommended  becauso  there  is  no  provision 
for  preventing  the  use  of  cleaning  agents  which  could  be  corrosive  to  the 
cylinder. 

3.7  Workmanship .  No  change  is  recommended. 

4.1  Responsibility  for  Inspection.  No  change  is  recommended. 
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4.2.1  ’nspectlon  Lot.  A  change  is  recommended  because  the  maximum 
lot  size  is  not  specified. 

4.2.2  Sampling  for  Tensile  Test  tf  Cylinder  Material.  A  change  is 
recommended  because  t’  “  sampling  should  include  a  material  certification 
requirement. 

4.2.3  Sampling  for  Visual  and  Dimensional  Inspection.  So  change  is 
rccomnended. 

Record  Maintenance .  The  4.2  series  should  include  a  requirement 
for  record  maintenance.  A  possible  wording  is  "The  supplier  shall  maintain 
a  record  of  the  Inspection  applied  to  each  lot". 

4.3  Visual  and  Dimensional  Inspection.  No  change  is  recommended. 

4.4.1  Tensile  Test.  A  change  is  recommended  because  the  location 
is  net  specified  for  the  tensile  test  specimens.  They  probably  should  be 
obtained  from  equally  spaced  portions  of  the  cylindrical  wall. 

4.4.2  Magnetic  Test.  No  change  is  recommended. 

4.4.3  Hydrostatic  Test.  No  change  is  recommended. 

4.4.4  Wall  Thickness  Test.  A  change  is  recommended  because  the 
accuracy  of  the  measurement  is  in  doubt.  Tt  is  probable  that  either  the 
testing  ec  ipment  should  be  more  accura  aly  specified  or  the  accuracy  should 
be  changed.  The  number  and  location  of  the  measurements  should  also  be 
specified. 

4.4.5  Water  Volume  Test.  No  change  is  recommended. 

4.4.6  Hardness  Test.  A  change  is  recommended  bece.se  the  locations 
of  the  hardness  impressions  are  insufficiently  specified.  They  should  probably 
be  equally  spaced  around  the  middle  of  the  cylindrical  section  of  the  cylinder. 

4.4.7  Inspection  of  Preparation  for  Delivery.  No  change  is  recommended. 

Buoyancy  and  Trim  Test.  A  change  is  recommended  to  include  a  test 
procedure  for  a  buoyancy  and  trim  Lest. 

Yield  Measurement  Test.  A  change  is  recommended  to  include  the 
descript i  '.n  of  a  measurement  procedure  other  than  the  volume  change  for 
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determining  whether  any  measurement  of  the  cylinder  has  permanently  increased 
a  certain  percent  as  a  result  of  the  hydrostatic  test. 

Field  Inspection  and  r leaning  of  Aluminum 
Scuba  Cylinders 

During  the  course  of  this  research  program,  systematic  naked-eye 
inspections  of  72  aluminum  scuba  cylinders  were  conducted.  As  discussed  in  a 
preceding  section,  the  inspection  technique  found  most  effective  utilized  a  small 
lightbulb  which  was  inserted  into  the  cylinder  through  the  threaded  valve  hole 
following  valve  removal.  This  light  provided  adequate  illumination  of  the  cylin¬ 
der  interior  permitting  an  overall  visual  survey  of  the  interior  wall  surfaces. 
Figure  34  shows  the  insertion  of  the  lightbulb  into  one  of  the  cylinders. 

Basically,  the  inspection  equipment  consisted  of  a  12-volt  stepdown 
transformer,  an  automobile  lightbulb  and  socket  of  the  type  used  for  either  in¬ 
terior  or  backup  lights,  and  three  or  four  feet  of  extension-cord  wire  connecting 
the  lightbulb  to  the  transformer.  These  items  are  shown  in  Figure  35. 

The  transformer  used  was  a  Triad  F-26X  filament  transformer  and  the 
lightbulb  was  a  No.  1004.  Any  12-volt  stepdown  transformer,  however,  may  be 
used  and  the  lightbulbs  and  sockets  are  available  at  any  automotive  supply  house. 
The  schematic  diagram  for  this  equipment  is  shown  in  Figure  36.  If  the  light¬ 
bulb  socket  purchased  is  found  to  have  a  mounting  flange  greater  than  7/8  inch 
in  diameter,  it  must  be  reduced  by  grinding  to  allow  passage  through  the  valve 
hole. 

Protection  of  the  lightbulb  is  not  normally  necessary  since  it  is  rela¬ 
tively  sturdy  and  quite  inexpensive.  If,  however,  for  safety  or  other  reasons, 
shielding  of  the  lightbulb  is  desired,  window-screen  material  can  be  soldered  or 
brazed  to  the  socket,  allowing  it  to  extend  cylindrically  about  the  lightbulb. 
Since  the  inspection  light  must  be  able  to  pass  through  the  valve  hole  of  the 
scuba  cylinder,  any  shielding  added  should  not  be  greater  than  7/8  inch  in 
diameter. 

Utilizing  the  above  inspection  technique  and  equipment,  the  results 
of  three  independent  inspections  by  three  different  staff  members  were  in  very 
good  agreement.  3ecause  of  the  success  of  this  technique  during  the  program, 
it  is  recommended  that  the  procedure  be  used  during  periodic  field  inspections 
of  scuba  cylinders. 
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FIGURE  34.  INSERTION  OF  INSPECTION  LIGHT  INTO  VALVE  HOLE  OF  ALUMINUM  SCUBA  CYLINDER 


FIGURE  35.  INSPECTION-LIGHT  COMPONENTS 
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1004  automobile 


FIGJRE  36.  SCHEMATIC  OF  SCUBA  CYLINDER  INSPECTION -LIGHT  EQUIPMENT 

Three  of  the  cylinders  which  were  rated  as  "severely  corroded"  during 
this  inspection  were  used  in  rupture  experiments  and  for  corrosion  examination, 
while  five  additional  cylinders,  also  rated  "severely  corroded",  were  selected 
for  an  independent  corrosion  examination.  It  was  interesting  to  note  that 
although  the  corrosion  in  each  of  these  cylinders  had  been  rated  "severe", 
the  maximum  and  average  pit  depths  measured  following  a  thorough  cleaning  of 
the  interior  surfaces  varied  significantly  (see  Table  16).  It  therefore  became 
apparent  that  the  quantity  and  deposition  of  the  corrosion  product  on  the  cylinder 
interior  was  somewhat  misleading  and  that  a  reasonably  accurate  visual  cylinder 
inspection  required  a  precleaned  interior  exposing  the  actual  pits  to  view. 

A  simple  phosphoric  acid  cleaning  process  was  used  during  this  program. 
The  effectiveness  of  this  process  can  be  visualized  by  referring  to  Figures  22 
and  23  for  comparison  of  the  as-received  condition  and  cleaned  condition  of 
the  cylinders. 

If  the  initial  field  inspection  shows  that  corrosion  product  similar 
to  that  shown  in  Figure  22  is  present,  it  is  recommended  that  the  corrosion 
product  be  removed  by  filling  the  cylinder  with  a  5  weight  percent  solution  of 
phosphoric  acid  and  water  and  letting  it  stand  for  approximately  30  minutes. 

This  should  be  followed  by  a  thorough  rinsing  with  fresh  water  and  drying.  The 
cylinder  can  then  be  reinspected. 
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Phosphoric  acid  (H^PO^)  Is  supposed  to  fora  a  stable  compound  with 
aluminum.  [This  is  opposed  to  hydrofluoric  acid  (HF),  for  example,  which  acts 
somewhat  like  a  catalyst,  continually  reacting  with  aluminum  for  sn  indefinite 
period.]  Howevei,  detrimental  corrosive  side  effects  due  to  the  use  of  phos¬ 
phoric  acid  are  a  slight  possibility,  considering  the  moist,  high-pressure  environ¬ 
ment  to  which  the  internal  surfaces  of  these  cylinders  are  subjected.  There¬ 
fore,  some  tests  should  be  conducted  utilizing  phosphoric  acid  on  6061-T6  aluminum 
under  hyperbaric  conditions  to  verify  the  apparent  nondetrimental  character  of 
the  phosphoric  acid  recommended  for  th/f  cleaning  procedure. 

If  the  extent  of  the  corrosion  discovered  following  the  second  inspec¬ 
tion  is  similar  to  that  discovered  during  the  research  program,  it  appears  that 
the  cylinder  is  not  an  immediate  hazard.  However,  due  to  the  potential  hazard 
that  exists  with  these  cylinders  (as  well  as  any  pressure  vessel)  a  conservative 
approach  following  the  cylinder  cleaning  and  inspection  procedures  is  recommended. 
Large  pits,  1/4  inch  in  diameter  or  larger,  or  a  number  of  pits  clustered  to¬ 
gether  in  one  spot  may  suggest  that  a  5000-psi  hydrostatic  pressure  test  should 
be  conducted  to  reinstate  confidence  in  the  immediate  safety  of  the  cylinder. 

Any  widespread  thinning  of  the  wall  is,  of  course,  also  cause  for  concern,  indi¬ 
cating  that  a  5000-psi  hydrostatic  test  should  be  conducted. 

Frequent  reinspections  of  previously  corroded  cylinders  are  also 
recommended  since  the  type  of  corrosion  investigated  during  this  program  will 
probably  continue  throughout  the  life  of  the  cylinder  even  if  the  cylinder  is 
cleaned  as  outlined  above. 
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SUMMARY  OF  INFORMATION  PERTINENT  TO  RUPTURE 
TESTS  OF  TEN  CYLINDERS 
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MIL-C-24316  (SHIPS), 
MILITARY  SPECIFICATION, 
CYLINDER,  COMPRESSED  GAS,  DIVER'S 
NONMAGNETIC,  ALUMINUM 
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This  document  is  subject  to  special  export  controls 
and  each  transmittal  to  Foreign  governments  or 
foreign  nations  may  be  made  only  with  prior  approval 
of  the  Naval  Ship  Systems  Command. 


MIL-C-24316 (SHIPS) 

AMENDMENT  -  1 
15  November  1968 


MILITARY  SPECIFICATION 
CYLINDER,  COMPRESSED  GAS,  DIVER'S, 

NONMAGNETIC,  ALUMINUM 

This  amendment  forms  a  part  of  Military  Specification  MIL-C-24316 (SHIPS)  dated  21  June 

1968. 


Page  2 

3.2.7,  line  2:  Delete  "68>4*  and  substitute  “6-±7". 


Preparing  activity: 
Nr.vy  -  SH 

(Project  4220-N152) 
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NQL-C-S4 
2!  lone  1968 


MILITARY  SPECIFICATION 
CYLINDER.  COMPRESSED  GAS.  DIVER'S. 


NONMAGNETIC.  ALUMINUM 

1.  aeon 

1.1  Ala  specification  coitrt  «  arrant  gas  ryllteter  for  (tonci  of  tlgte  |rac,!t  air  ffcx  a* 

La  1—1  typo.  Mlf-toulad  entemtar  bnaUli|  n— ■ 

2.  xmiCAM  aocowacs 

2.1  Ac  ftUonUt  tec— U  at  tte  lmc  la  effket  ca  hti  of  1—ltatlaa  for  bite  or  isfaet  for  pro¬ 
posal,  form  a  part  of  tte  specification  to  tte  ertaat  —dill  ter* La. 

SVDIUBOB 


40-4-200/3  •  Altai—  Alley  Bai .  M,  Step—.  T*t  ate  iai«.  retrial,  sad  ttnctnl 
Step—.  b06l 

PTM-tjS  -  Sea.  nitrteal. 

PPP-B-tAC  -  Boon.  fttertcart,  Cfcrr— ted.  Trials  teU. 

NORMS 


NO-P-Ut  -  Pr— rrttion,  Nettots  of. 

KO-P-1S090  -  la— r  Ipzipaaat.  Ufet  iay  (Kraals  So  Ill) 

C1-W5J8  -  ?Maer.  Pnatat  at,  [hnalt  te-  11T  fbr  Mali). 

NEL-P-159JQ  *  Prlarr  Coating,  Shipboard  tUpl  -  Hoc  Chroaata  Pamsla  Pu  120- ftr  itet 
Sfrv’- 


NH.41-19595 

STMOASOJ 


tegnrtlc  tftkcu  'trite  far  taapric  Ipl— it  Otet  Is  Proodsdty  of 
Xaggaetle  laflasera  Ortasaoa- 


JED-STD-l^i  .  tetelx.  Tat  teChte-l- 

xoRAsr 

WX^t3-105  -  SsapTlng  Procedures  al  Table*  fbr  I—pectlan  bp  Ittdhitw. 

JCL^D-i?  -  Narking  for  S&lpseet  aod  Range. 

NZL-STO-lVT  -  PtilcUtl  Mt  Lands  *0T  X  ^BT  Partial  aad  '  */  Pallets; 

XE-3PJ-11S6  •  Ctebicalog,  Anchoring,  laLag,  5  Tort  fig  cad  ^itarproafliig,  »fa  LfftoitUte 
Tbit  Methods - 

Ccples  of  spcclflcatlces,  standards,  dewing* ,  aad  jsLUaUant  rtpdnd  by  ttqpLlet  La  tir* 

vita  specific  procunacat  (toactlona  iteii  be  obtained  ftca  tte  prorrsrlag  activity  or  as  tlmtl  by  tar 
cootractli^  officer-) 

3.2  Other  pufellcatloce  -  -  The  falltelng  doctaeste  for*  a  part  of  tbit  » pacification  to  tte  extest 
specified  herein.  Unless  ottervlar  Indicated,  toe  testae  la  effect  a*  date  of  Invitation  for  bide  or 
request  fir  proposal  then  apply. 

SATTOKAI.  3JHEAU  Of  S.ACdJCo 

Handbook  3-26  -  Screw-Thread  ^Pteaderd*  for  federil  Serricea. 


(Applications  for  copies  s roc  14  be  addressed  to  tte  Superlateadest  of  Docooeats,  Scstrcast 
Printing  Jfflce,  yesblsgtoo,  D.  1.  20102. } 


UXIPJf*'  CLASSIPICATIC*  C-JWtlTTE 


Unifcra  rvet^ht  Classification  Pities. 


app. 

Station, 


for  copies  shooid  be  addressed  to  tte-Onifcra  Ulaeslflcatloe  Co— It  tee,  cOC  Ualoa 
Jacksoe  Boulevard,  JhlcagoTiillaols  605267) 


»9C  1220 
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Mt-C-2iJ0£SXIPe) 

oowaap  o*s  arsocuticb  (oba) 

Tail'll  it  C-l  -  Methods  for  gf&roetetlc  Testing  of  Coepreseed  On*  Cylinders. 

'Application  for  copies  should  be  eddressed  to  the  Ooepressed  Qu  Association,  Suita  2*00-6, 

500-5th  JMu,  b»  Tork  City,  Be*  York  1003b. ) 

(Technical  society  wl  ttdalflU  itMettloi  specifications  and  standards  are  generally  available  for 
refinance  free  librarian.  They  are  alco  dlatributad  aooog  technical  groups  and  using  Federal  agencies. ) 


3.1  aeecrlptloe-  the  cylinder  ia  fer  use  aa  tba  coapressed  air  aupply  in  nonagnvtlc  lane  nil  type 
wlf-odalaaUmfinater  breathing  apparntua. 

3.2  Bpiltal  Mwaatga.  The  cylinder  ahell  be  in  accordance  with  figure  1  and  bare  a  »a<Mi  over¬ 
all  length  3  ft-j/U  inches.  It  stall  have  an  internal  voloee  of  700 1  30  cut  c  inches.  Dn  cylinder  wall 
t hi  cleans  shall  be  each  as  to  attain  the  required  buoyancy  and  trie  (see  3.2.10),  but  a  hall  be  not  leas 
than  0-5*0  Inch  thick. 

3-2.1  Material .  The  cylinder  shell  be  spun  froa  alimlma  alloy  606I-O  tub  inn  and  then  treated  to 
taaper  T-6  of  ii- A-2O0/8. 


3.2.2  Bechad  end.  In  fmtag,  sufficient  antarlal  shall  bn  provided 
then  off  n  flat TEila*  d Inset ar  of  1-5/8  incfaei  .’see  figure  1). 


in  the  neck  of  the  cylinder  to 


3-2-3  Ibraallig.  The  cylinder  neck  shall  bn  coo  figured  with  the  *0*  ring  type  arrengenent  of  j 

flgarw  1.  tba  thread  shall  be  3/*-l*  KPGK  (aoaifled).  After  enehinlng,  there  a  ball  be  no  evidence  of 
fhUe,  cracks,  or  other  UfarfMidrs  la  the  thjwled  area. 


3-2. 3*1  Protection  of  threads.  The  neck  of  the  finished  cylinder  shall  be  provided  with  a  plastic 
cap  to  peotact*the  threads,  ~0*rlBg  groove  and  finished  flat  eurfhee. 


3.2.*  Sana  end, 
aa  sham  la  figure-!. 


The  bane  ead  closure  of  the  cylinder  shall  bn  soda  by - t  of  an  alualnua  plug 

If  repaired  to  effhet  n  seel,  n  non- leaded,  non- toxic  sealing  caepound  shall  be 


3-2-5  Interior  anrthcaa.  Thera  shell  be  no  visible  evidence  of  folds,  cracks,  pits,  or  extreaa 
wnwfnnsn  on  the  Internal  surfaces  C including  the  ends)  of  the  cylinder. 

3.2.6  htaewi.  The  cylinder  is  fhr  3000  pounds  per  square  inch  gage  Cpelg)  v or  king  pressure  and 
shall  be  k|di uetetlcally  tested  to  withstand  5000  paig. 

3-2-7  Kipaaaloa  characteristics.  Wbaa  bydraetatleally  tested  to  5000  pal,  the  cylinder  shall 
abklt  e  total  roliawTilc  separatee  of  68  1  t  cubic  cantlaetars.  The  pemaneut  expansion  (R)  shall 
ait  cvmsisd  5  percent  of  the  total  vulnaeirlc  expansion,  the  rani  1  nil ir  to  be  elastic  expansion  (Eg). 

3-2.8  (fcTffnaaa.  The  cylinder  shall  have  an  average  herdnesi  00  the  Rockwell  "E”  scale  (IX)  of 
90  Z  *- 

3-2-9  jhgUc  effects.  The  -  -  J— * 1 '  effect  of  the  finished  cylinder  shall  be  no  greater  than 
0-05  xl 111 oersteds  when  aessured  la  accordance  with  *.*.2. 

3-2.10  Bagaagread  trie.  The  cylinder  shall  be  neutrally  buoyant  when  charged  to  150C  pel.  The 
cylinder's  tri*  shall  also  GT  aeutzal. 

3-3  Serial  seller.  The  cylinder  shall  be  narked  with  a  serial  mssbar  (see  3.*).  This  serial  nuaber 
shall  be  swiped  ty  t>  aenafbctursr  so  that  an  two  cylinders  asaufheturad  by  hia,  either  in  the  sasw  lot 
or  offered  tar  delivery  In  the  saea  calendar  year,  shell  bear  the  ease  serial  nuaber. 

3-*  Marking.  The  cylinder  shall  be  aerhsd  t indented)  with  the  following  lnforaa tluo  in  letters  not 
less  then  1/*  tech  high,  as  sear  to  the  neck  of  the  cylinder  a a  practicable: 

0b  aos  side:  Serial  saber 
1-MK' 

’3000  pslg  SHM)* 

**  XT 

Sovemssat  lespeetor's  ***t 
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ML-C-24316  ( SHIPS ) 

On  opposite  side:  "Test  5000  psig" 

Month,  year  of  teat 
"EE  XX, X  ce" 

"PE  X. X  ce" 

"Volume  XXX  cu  In" 

3.5  Coating.  The  cylinder  ahall  be  coated  as  follovs: 

(a)  The  cylinder  ahall  be  degreased  lnaide  end  out. 

(b)  The  exterior  surface  (except  the  flat  at  the  cylinder  neck)  shall  be  anodized. 

(c)  The  outside  surface  (except  the  flat  at  the  cylinder  neck)  shall  be  coated  vlth: 

(1)  One  coat  of  pretreatnent  primer  in  accordance  with  MIL-P-15328,  followed  by: 

(2)  One  coat  of  vinyl -zinc  chromate  primer  In  accordance  with  MIL-P-15930,  followed  by: 

(3)  Two  coats  of  enamel  In  accordance  with  MIL-P-15090,  class  2. 

3.6  Cleaning.  The  finished  cylinder  shall  be  cleaned  of  any  Impurities  which  would  be  detrimental 
to  use  with  high  partial  pressures  of  oxygen. 

3.7  Workmanship.  Only  first  class  workmanship  will  be  acceptable.  Except  where  specified  ell 
surfaces  shall  be  smooth  and  continuous  and  there  shall  ba  no  evidence  of  gross  tool  marks;  neither  shall 
there  be  evidence  of  puddling  of  tne  coating.  All  indentations  shall  be  clear  and  legible. 

4.  qjJALm  assurance  provisions 

4.1  Responsibility  for  Inspection.  Unless  otherwise  specified  in  the  contract  or  purchase  order, 
the  supplier  is  responsible  for  the  performance  of  all  inspection  requi  rements  as  specified  herein. 

Except  as  otherwise  specified  in  the  contract  or  order,  the  supplier  may  use  his  own  or  any  other 
facilities  suitable  for  the  performance  of  the  inspection  requlrments  specified  herein,  unless  disapproved 
by  the  Government.  The  Government  reserves  tne  right  tc  perform  any  of  the  Inspections  set  forth  in  the 
specification  where  such  inspections  are  deemed  necessary  to  assure  supplies  and  services  conform  to 
prescribed  requirements. 

4.2  Sampling. 

4.2.1  Inspection  lot.  A  lot  shall  consist  of  all  cylinders  made  from  the  same  run  of  tubing, 
fabricated  and  treated  at  the  same  time. 

4.2.2  Sampling  for  tensile  test  of  cylinder  material.  One  finished  cylinder  shall  be  selected  at 
random  from  each  lot  for  tensile  test  bar  specimens  (see  4.4.1). 

4.2.3  Sampling  for  visual  and  dimensional  Inspection.  Cylinders  shall  be  selei  ted  in  accordance 
with  MIL-STD-105,  General  Inspection  Level  II,  for  the  inspection  of  4.3.  The  Acceptable  Quality  Level 
(AQL)  shall  be  1.5  percent. 

4.3  Visual  and  dimensional  Inspection.  Cylinders  selected  in  accordance  with  4.2,3  shall  be 
examined  and  measured  to  verify  conformance  to  all  of  the  requirements  of  thlB  specification  which  do  not 
involve  testa.  Threads  shall  be  checked  by  means  of  "GO"  and  "NO-GO"  gages  as  specified  in  H-28. 

4.4  Test  procedures. 

4.4.1  Tensile  test.  Test  bars  shall  be  tested  according  to  FED-STD-151  to  comply  with  the 
properties  of  6061  T-fi  aluminur  set  out  In  QQ-A-200/8.  A  lot  falling  to  pass  this  test  shall  not  be 
offered  for  delivery. 

4.4.2  Magnetic  test.  Each  cylinder  in  the  lot  shall  be  tested  to  meet  the  requirements  of  3.2.9. 

This  test  shall  be  in  accordance  with  MIL-M-19595  except  that  readings  of  magnetic  effects  that  are 
taken  while  the  cylinder  la  in  motion  shall  not  be  considered.  Cylinders  that  fail  to  pass  this  test 
shall  be  rejected. 

4.4.3  Hydrostatic  test.  Each  cylinder  in  the  lot  shall  be  hydrostatically  tested  to  5000  pal  by  the 
water  Jacket  method  of  CGA  Pamphlet  C-l.  The  total  volumetric,  elastic  and  permanent  expansions  shall  be 
determined  in  accordance  with  3-2.7.  Cylinders  that  leak  or  fail  to  meet  these  requirements  shall  be 
rejected. 

4.4.4  Wall  thickness  test.  The  wall  thickness  of  each  cylinder  in  the  lot  shall  be  determined  by 
ultra-conic  Vlth  the  pulse-echo  typq)  equipment  calibrated  to  an  accuracy  of  3  percen'  Cylinders  that 
fall  to  meet  the  wall  thickness  requirements  of  3.2  shall  be  rejected. 

4.4.5  Water  volume  test.  The  water  volume  of  each  cylinder  in  the  lot  shall  be  determined  to  the 
nearest  cubic  Inch,  (iyllnders  that  fail  to  meet  the  requirements  of  3-2  shall  be  rejected. 
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4.4.6  Hardness  teat.  The  average  hardness  of  each  cylinder  In  the  lot  shall  be  determined  In 
accordance  with  the  requirements  of  3.2.8  by  averaging  at  least  three  values  taken  by  Impressions  around 
its  girth.  No  impression  shall  Indicate  hardness  less  than  86  Rockwell  "E".  Cylinders  that  fail  to 
pass  the  hardness  test  shall  be  rejected. 

4.4.7  Inspection  of  preparation  for  delivery.  The  packaging,  packing,  and  marking  of  the  cylinder 
shall  be  inspected  to  determine  compliance  with  the  requirements  o'  section  5 • 

5.  PREPARATION  FOR  EELIVERY 

(The  preparation  for  delivery  requirements  specified  herein  apply  only  for  direct  Qovernment 
procurements.  Preparation  for  delivery  requirements  of  referenced  documents  listed  in  Section  2  do  not 
apply  unless  specifically  stated  in  the  contract  or  order.  Preparation  for  delivery  requirements  for 
products  procured  by  contractors  shall  be  specified  in  the  individual  order.) 

8-1  Packaging.  Cylinders,  cleaned  and  capped  in  accordance  with  3.2. 3-1  and  3-6,  shall  be  packaged 
in  accordance  with  Level  A  or  C  as  specified  (see  6.2). 

5.1.1  Level  A.  Cylinders  shall  be  cushioned,  blocked  or  braced  in  accordance  with  MIL-STD-1186  and 
individually  packaged  in  accordance  vith  the  requirements  of  MIL-P-116. 

3.1.2  Level  C.  Packaging  shall  be  sufficient  to  afford  adequate  protection  against,  corrosion, 
deterioration,  contamination  (both  magnetic  and  chemical),  and  physical  damage  from  the  supply  source  to 
the  using  activity  for  i mediate  use.  When  it  meets  these  requirements,  the  supplier's  commercial  precise 
may  be  utilized. 

5.2  Packing.  Packing  ehall  be  in  accordance  with  Level  A,  B,  or  C,  as  specified  (see  6.2). 

5.2.1  Level  A.  Cylinders,  packaged  in  accordance  vith  5.1,  shall  be  individually  packed  in  boxes 
conforming  to  any  one  of  the  following  specifications  at  the  option  of  the  contractor: 


ecificatlons 


Class  or  ty 


PPP-B-636  Class  weather-resistant 

PPP-B-640  Class  2 


Cushioning,  blocking,  and  bracing  in  accordance  with  MIL-STD-1186  shall  be  required.  All  center  and  edge 
seams  and  the  manufacturer's  Joint  shall  be  sealed  and  waterproofed  with  pressure-sensitive  tape  lr. 
accordance  with  the  applicable  box  specification  or  appendix  thereto.  Shipping  containers  sha.'l  be  closed 
tnd  reinforced  in  accordance  with  the  applicable  box  specification  or  appendix  thereto,  except  that 
reinforcement  shall  be  accomplished  using  filament-reinforced,  pressure-sensitive  tape  in  accordance  with 
the  appendix  to  the  box  specification. 

5-2.2  Level  B.  Cylinders,  packaged  in  accordance  with  5-1  shall  be  individually  packed  in  boxes 
conforming  to  any  one  of  the  following  specifications  at  the  option  of  the  contractor: 


ecificatlons 


PPP-B-636 

ppp-b-64o 


Class  or  ty 


Class  domestic 
Class  1 


Cushioning,  blocking,  and  bracing  in  accordance  with  MIL-STD-1186  shall  be  required.  Shipping  containers 
snail  be  closed  in  accordance  with  the  applicable  box  specification. 


5-2.3  Level  C.  Packing  shall  be  accomplished  in  a  manner  which  will  insure  acceptance  by  common 
carrier,  at  lowest  rate,  and  will  afford  protection  against  physical  or  mechanical  damage  during  direct 
shipment  from  the  supply  source  to  the  using  activity  for  early  installation.  The  shipping  containers 
or  method  of  packing  shall  conform  to  the  Uniform  Freight  Classification  Rules  and  Regulations  or  other 
carrier  regulations  applicable  to  the  mode  of  t-ansportation.  When  it  meets  these  requirements,  the 
manufacturer’s  commercial  practice  may  be  utilized. 


5-3  Use  of  polystyrene  loose-fill)  material. 


5.3.1  For  domestic  shipment  and  early  equipment  installation  and  level  C  packaging  and  packing.- 
Unless  otherwise  approved  by  the  procuring  activity  see  6.2),  use  of  polystyrene  loose-fill)  material 
for  domestic  shipment  and  early  equipment  Installation  and  level  C  packaging  and  packing  applications 
such  as  cushioning,  filler  and  du.  nage  is  prohibited.  When  approved,  unit  packages  and  containers 
'Interior  and  exterior)  shall  be  marked  and  labelled  as  follows: 
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"CAUTION 


Contents  cushioned  etc  with  polystyrene  ( loose-fill)  material. 

Not  to  be  taken  aboerd  ship. 

Remove  and  discard  loose-fill  material  before  shipboard  storage. 

If  required,  recushlon  with  cellu-ric  material  bound  fiber,  flberboard  or 
transparent  flexible  cellular  material." 

5.3-2  for  level  A  packaging  and  level  \  and  B  packing.  Use  of  polystyrene  (loose-fill)  material  is 
prohibited  for  level  A  packaging  and  level  A  and  B  packing  applications  such  as  cushioning,  filler  and 
dunnage. 

5.4  Palletisation,  When  specified  (see  6.2),  shipping  containers  shall  be  palletised  for  shipment 
in  accordance  with  MlL-STD-147. 

5-5  Marking.  In  addition  to  any  special  marking  required  by  the  contract  or  order  (see  6.2),  unit 
packages,  Intermediate  packages,  shipping  containers  and  palletised  loads  shall  be  marked  in  accordance 
with  MIL-3TD-129 . 

6.  NOTES 

6.1  Intended  use.  The  cylinders  covered  by  this  specification  are  Intended  for  use  in  demand  type, 
self-contained  underwater  breathing  apparatus. 

6.2  Ordering  data.  Procurement  documents  should  specify  the  following: 

(a)  Title,  number  and  date  of  this  specification. 

(b)  Level  of  packaging  (see  5.1). 

(c)  Level  of  packing  (see  5.2). 

(d)  If  use  of  polystyrene  is  permitted  (see  5.3>l)> 

(e)  Palletization  for  shipment,  when  required  (see  5-4). 

(f)  Special  markings,  when  required  (see  5-5). 


Preparing  activity: 
Navy  -  SH 

(Project  4220-N126 ) 
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APPENDIX  C 

PRESSURE-VOLUME  PLOTS  FOR  RUPTURED 
TEST  CYLINDERS 

Figures  C-l  through  C-9  show  the  plots  of  pressure  versus  the  amount  of 
water  added  to  the  pressurizing  water  for  the  ruptured  test  cylinders.  The  rup¬ 
ture  pressures  for  each  cylinder  are  shown  on  the  plots. 

To  provide  instnmentation  and  adequate  safety  for  the  test  personnel, 
it  was  necessary  to  have  a  considerable  length  of  piping  in  the  system.  Because 
of  the  piping  and  because  of  the  compressibility  of  water,  the  volume  of  water 
added  was  not  a  measure  of  the  expansion  of  each  cylinder.  However,  the  units 
of  water  added  were  carefully  measured,  and  the  plots  are  believed  to  show  the 
yield  and  rupture  pressures  of  the  cylinder*  with  good  accuracy.  The  yield 
pressures,  also  shown,  were  fcund  by  determining  the  0.4  percent  voliraetric  off¬ 
set  for  each  plot*.  These  yield  pressures  were  used  to  calculate  the  apparent 
yield  stress  for  each  cylinder  using  Equation  (.1)  (see  Table  12).  The  0.4  per¬ 
cent  volumetric  offset  yield  stress  was  used  because  this  corresponds  roughly  to 
a  0.2  percent  yield  stress  in  a  uniaxial  tensile  test  as  shewn  in  pages  C-ll  to 
C-13. 

The  total  amount  of  water  added  to  each  cylinder  was  useful  fer  indi¬ 
cating  '-he  relative  amounts  of  total  expansion  experienced  by  the  cylinders. 

Thus,  an  intermediate  amount  of  water  was  added  to  Cylinder  11,  the  most  water 
was  added  to  Cylinder  12,  and  the  least  water  was  added  to  Cylinder  13.  These 
values  were  in  general  agreement  with  the  circumferential  expansion  of  the  cylin¬ 
ders  at  rupture  as  determined  by  the  fracture-edge  to  fracture-edge  measurements. 
For  Cylinders  11,  12,  and  13,  these  expansions  were  3.6  percent,  6.2  percent, 
and  2.8  percent,  respectively. 


*  Note:  a  leak  in  the  pressurizing  system  prevented  determination  of  the  yield 
pressure  for  Cylinder  34. 
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FIGURE  C-2.  PRESSURE -VOLUME  PLOT  FOR  THE  RUPTURE  OF  ALUMINUM  CYLINDER  12 
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Relationship  Between  Volya  ttggg  and 
Circumferential  Strain  for  a  Pressure  Vessel 

C.  m  inside  original  circumference,  in.  *  2nr , 
io  io 

r  ■  inside  original  radium 

C,  -  *  inside  final  circumference,  in.  *  2nr.,  *  C.  (lie) 
ir  if  10  c 

6  «  circumferential  strain  «  ~  (o  -  wj  ) 

c  E  c  L 

€  *  longitudinal  strain  *  ^  (c  -  vo  ) 

Is  EL  C 

*  Circumferential  stress,  psi 
oL  «  longitudinal  stress,  psi 

V  *  original  vol. ,  in. 3  i  *  final  length  «  1  (1  +  t.},  in. 

o  £  c  L. 

?{  -  final  voi. ,  in.3  *  original  length,  in. 

the  volume  change  is: 


and 


&V 


V 

o 


r 


h 


i  A 


-  ‘'to1 


'*1 


(assuming  the  increase  in  volume 
due  to  decrease  in  wail  thick¬ 
ness  is  negligible) 


r 


if 


C. 

io 


(1 


V 


2tt 


r. 

io 


(1  +*.) 


if 


r . 

io 


(I  +  O 


(1) 


bATTELLE  HEHORiAL  INSTITUTE 


-  CCLUMSUS  LABORATORIES 


1 
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C-I2 


since 


Lt  *  *  <1  +  s>  » 

to 


«  c^/2  because  ^  *  ~ 


L  2t 


.  c  5 /6c 

*c“  |(cc-l/3f)*-^ 


,  a  l/6a 

«,  *  T  -  1/3  C  )  *  ^ 

L  t  Z  C  C. 


£C  _  5/6 


—  =  or  £,  *  0.20  s 

£,  1/6  1.  c 


'-f  »  a  *  0.20  cc)  . 


Substituting  (2}  and  (3)  into  (1) 


T  2  2  .  ?  * 

-  !  (i  -t-  c  j  v  u  ■*  o.zw  e  ;  -  r.  i  I 

*  V  =  ”  I  r  r  A  A  t  A  A  I 


IV  =  ~  |r. 

to 


c  to  ol 


Expanding  terns 


i  2 

IV  *  tt  r.  I  i 

I  to  o 
I 


{  2.20  c  +  1.40  e  2  +  0.20  €  3> 
c  c  c 

_ 


Since 


V  =  ttt.  I 

o  to  o 


3  2 

z  «c  «e 
c  c  c 


the  higher  oruet  censs  can  be  neglected. 
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C-13 


Therefore,  —  *  2.20  «c  . 

According  co  che  above  analysis,  a  circuoferential  strain  of  0.2  per- 
AV 

cent  is  equal  to  a  —  of  (2.20)  (0.20)  *  0.44.  Thus  a  0.2  percent  offset  yield 
stress  in  a  tensile  test  is  'oughly  equivalent  to  0.4  percent  volimetric  offset 
yield  stress. 
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APPENDIX  D 


MANUFACTURING  CERTIFICATION  F OR  THREE 
DOT  3AA  2250  STEEL  SCUBA  CYLINDERS 


battelle  memorial  institute  -  columbus  laboratories 


F-4HP 

P .  S. T .  Order  No. 

STEEL  G»S  CYLINDERS 


87187 


Ml Iwaukae,  ill.  53214 


Manufactured  lor  Battalia  Manorial  Znatltuta 

Colunbua  Laboratorlaa 
1.000100  ai  Colunbua*  Ohio  43201 


Manufactured  by  Pressed  Steel  Tank  Co.,  Inc. 


July  3,  19  70 


Location  at  Milwaukee,  Wit.  53214 


Ucnsigned  to 
location  at 
Quan t i t  y 


Battalia  Manorial  Institute 
Colunbua  Laboratorlaa 
Colunbua*  Ohio  43201 

3  si  z.  6.8l  I  nchesTutsi  de  diameter  by 


Marks  stamped  into  the  shoulder  of  the  cylinder  ere' 

Spec  i  f I  cat  ions  OOT  3AA2250 


Serial  Not. 

I nspectors  mark 
Ident i tying  symbol 
Test  date 


80375L 

© 

( registered) 


803771* 

PST 

6-704- 


inel . 


25 


Inches  long. 

(Rep.  723  cu.  In.) 


OTHER  MARKS 


Fere  Heights  (yes  or  no)  Ho 

Cylinders  marked  with  a  plus  (4)  sign  signify  compliance  with  paragraphs  173.302(c)(2),  (3)  I  (4)  si  the  Depart 
ment  rf  Transportation  Regulations.  (Title  40  ol  the  Cede  of  Federal  Regul St iont. )  Thus,  they  can  be  charged  to  a 
pressure  10  percent  In  escass  si  their  marked  service  praseura.  This  aiceat  charging  is  periaissible  only  II  the  gas 
con t ai nod  is  not  liquefied,  dissolved,  poisonous,  or  flammeblt.  Cylinders  having  this  oicoss  charge  must  bo  equipped 
with  frangible  disc  safety  relief  device!  (without  luelblo  motel  backing)  hevlng  o  bunting  prosiiiri  not  oscsoding  the 
minimum  prescribed  test  (.fissure. 


Pose  cylinders  were  made  by  process  ol  hot  and  cold  cupping  and  cold  drawing  to  e  isamlost  shall,  the  open  end 
of  which  Is  necked  by  spinning. 


The  material  used  wee  identified  by  the  following  heal  numbers 


990  301  33*  40E 


4lK  421 


The  material  used  was  verified  as  to  chemical  anal/sis  end  reVord  thereof  is  attached  hereto.  The  heal  numbers 
were  marked  on  the  material. 

All  material,  such  as  plates,  billsts  end  eesmleta  tubing,  wet  inspected  and  each  cylinder  woe  inspected  both 
belore  and  after  closing  in  the  ends:  All  that  wee  accepted  was  leund  frit  frnm  seam  cracks,  laminations,  and  other 
delects  which  might  prove  injurious  t»  the  strength  el  the  cylinder.  The  processes  of  manufacture  and  heat  treatment 
of  cylinders  were  supervised  and  found  to  he  efficient  end  satlsfectory. 


The  cylinder  walls  were  meatured  and  the  minimum  thlcknete  noted  wet  .156  Inch.  The 
determined  by  a  close  approi Imat ion  to  be  6.812  Inches.  The  we'll  street  wet  calculated  to 
pounds  per  square  Inch  under  sn  internal  pressure  ol  oeftfl  pounds  per  squaro  Inch. 


outside  dismeter 

b'  69725 


Hydrostatic  tests,  flattening  teite,  tensile  teste  of  msteriel.  end  ether  tests  as  prescribed  in  ipeci I icalion 
No.  3AA  were  made  In  the  presence  ol  the  inspector  end  ell  msteriel  end  cylinders  accepted  were  found  to  be  in 
compliance  with  the  requirement  of  that  specification.  Records  thereof  ere  stteehcd  hereto. 


I  hereby  certify  that  ail  et  these  cylinders  proved  sstiefactory  in  every  way  and  comply  with  the  requirements 
of  the  DEFARTMENT  OF  TRANSPORTATION  SPECIFICATIONS  NO.  *(C4pt  »  noted. 

exceptions:  —  D.  0  T.  Inspectiort  wade  by 

T.  H.  Cochrane  Laboratories 

pressw-j  -  Milwau 


wauine,  Wis.  , 


BAT 


Sign  by,.,.....,, ,  ....rfr..-..,  . 

INSTITUTE  -  COLUMBUS  LABOfilliioRWSS . 


D-2 


f -84R 


M i I eaukee ,  Vis.  53214. 


July  3, .  lg  70 


RECORO  OF  CHEMICAL  ANALYSIS  Of  STEEL  FOR  CYLINDERS 

Numtie  r  ert.  80375L . re  8?377L . ,„cu,i,.. 

,6.8l  25 

■  .** . . inches  outs*, is  nt.  meter  by . . 

h .ni e  o,  Pressed  Steel  Tank  Co. .  Inc.,  Mil wa  'kee,  iis.  53214 

£°'  Bette 11*  Memorial  Institute,  Columbus  Laboratories,  Columbus,  Ohio  43201 


,  Inches  I  on*. 


H  f  AT  NUMBER 


30E 
33K 
4oe 
4  IE 
42E 
99D 


CYLINDERS 
REPRESENTED 
1  SERI AL  NUMBERS' 

80375L  -  80377L 


CHEMICAL  ANALYSIS 


c 

p 

L  s_._ 

MN 

SI 

CR 

MO 

.30 

.018 

'.019 

.49 

.29 

.88 

.18 

.29 

.017 

.020 

.52 

.25 

.87 

.19 

.30 

.014 

.025 

eOO 

.29 

.77 

.20 

.32 

.015 

.021 

.55 

.251 

.00 

.18 

.302 

.004 

.022 

.51 

.25 

.81 

.19 

.31 

.009 

.022 

.54 

.29 

.91 

.17 

CB 


CU 


AL  I  2R 


A.  Marcontonlo 


Certified  hy . .  .*  .  .Vr. .  .. It?  7 .  .  ..r. .  The  originals  of  the  certified 

MILL  TEST  REPORTS  ate  in  the  files  of  the  manufacturer. 

Chemical  Analyses  *ere  made  t)y  the  steel  manufacturer. 


RECORD  OF  PHYSICAL  TESTS  OF  MATERIAL  FOR  CYLINOERS 


4"  24t 


TEST 

NO 


D-3 

RECORD  OF  HYDROSTATIC  TESTS  OF  CYLINDERS 

0O375L  to  80377L 

DjOl  INCHES  OUTSIDE  OlAMETER 

PRESSED  STEEL  TANK  CO.,  INC.,  MILWAUKEE,  WIS.  53214 


NUAAfll  ft 
M/l 

MAD!  BY 


MILWAUKEE,  WlS  53214 


*5 


INCIUSI 

INCHES 


I  OR 


Battells  Memorial  Institute,  Col'jnbus  Laboratories,  Colvnbus,  Ohio 


SERlAi  NUMBERS  OF 
CYLINDERS  TESTED 


803T5L 
8037OL 
80377L 


ACIUAI  TEST 
PRESSUPE 

LBS  Pf.U _SQ  INCH 

3PT50 


.9  ?o 


LONG 


43201 

VOLUME!  PIC 
CAPACITY 
CU  INCHES 


716 
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